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ABSTRACT

The main reason for the utilization of stainless steels in many
applications is due to their resistance to corrosion. Chromium is the main
alloying element and stainless steel contains a minimum of 11 %. Austenitic
stainless steels, Type 300 series, contain nickel as the principal austenite
former. The austenitic stainless steels possess better corrosion resistance than
most of the chromium stainless steels. For this reason austenitic stainless steels
are specified for more severe corrosion conditions in the process industries.
Austenitic stainless steels, however, are susceptible to several forms of
corrosion in chloride containing environments.

This research focuses on the application of galvanic aluminized coatings
through diffusion and thermal spray processes in order to improve the corrosion
resistance of these stainless steels. Laboratory testing of general corrosion,
crevice corrosion, corrosion fatigue and stress corrosion cracking (SCO),
utilizing electrochemical and conventional testing methods was utilized to study
aluminized coated Type 304 stainless steel in acidic synthetic seawaters at
ambient temperature.

The aluminized coatings, both diffusion and thermal spray, provided
immunity to localized corrosion by pitting corrosion, crevice corrosion, corrosion
fatigue and SCO. In addition, it was illustrated that the aluminized coatings
provided corrosion immunity to sensitized type 304 stainless steel.
iii
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CHAPTER 1

INTRODUCTION

Types of Corrosion Observed

Austenitic stainless steels exhibit excellent atmospheric corrosion
resistance. However, in-service failures of austenitic stainless steel by pitting
corrosioni.2, crevice corrosion3.4, stress corrosion cracking (S C C )5.6, corrosion
fatiguées and intergranular corrosion due to sensitizations have been reported
in chloride containing environments such as industrial atmospheres, sea-water,
and others. Thus, although the overall corrosion resistance of the austenitic
stainless steels is goodio, localized breakdown of the passive film often leads to
catastrophic failure.

Enhancing Corrosion Resistance

Enhancing the corrosion resistance of stainless steels has been mainly
performed by addition of alloying elem entsi\ surface electropolishing 12, and
surface passivation in nitric acidisj^ which were found to offer only limited
improvement The corrosion protection of carbon steel by the application
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of a sacrificial coating of aluminum or zinc is well established^s. Thermal
sprayed aluminum coating of plain carbon steel has reduced corrosion
significantly in sea water16. However, the use of a sacrificial coating to protect
stainless steel from localized corrosion has received little attention. Cathodic
protection has been shown to be effective in the prevention of stress corrosion
cracking and crack initiation in sensitized type 304 stainless steeMA Similarly,
both pitting and crevice corrosion in sea water can be suppressed or minimized
by the use of zinc, aluminum, and carbon steel sacrificial anodesis. Further, the
process of aluminizing performed by diffusion coating techniques have been
shown to improve the high temperature oxidation and sulfidation of stainless
steelsi9. These diffusion coatings are produced by submerging the metal
specimen in a premixed aluminized powder followed by heating in air and
argon atmospheres.

Enhancing Corrosion Resistance through Aiuminized Coating

Aluminized coating of stainless steel will galvanically protect it in chloride
containing industrial atmospheres and sea water. Stainless steel is more noble
than aluminum in most environments including sea water and atmosphere,
hence the sacrificial aluminized coating protected the stainless steel, even
when part of the coating has been removed intentionally or by the corrosion
process.
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The aluminized

coating

provided

immunity to

localized

corrosion

by pitting corrosion, crevice corrosion, corrosion fatigue and SCO. In addition,
when type 304 stainless steels are heated in the temperature range of 950 to
1450 degree F, they become susceptible to intergranular corrosion due to
sensitization20,2i. in this temperature range the chromium content in stainless
steel is lowered by precipitating out of solid solution as chromium carbide which
results in chromium depletion adjacent to the grain boundaries. The chromiumdepleted zone is less corrosion resistant and readily corrodes in many corrosive
environments. In such cases the aluminized coating provided sufficient
corrosion protection comparable to that of stainless grades that are more
sensitization resistant such as Type 304L or Type 347.

Aluminized Coating Properties

It was observed that when corrosion of the aluminized coated stainless
steel occurred in highly corrosive environments, such as pH 0.5 synthetic sea
water, the coating was eventually completely removed by the corrosion process.
Thus, coating techniques parameters which influence the thickness, adherence,
and corrosion

resistance of

the

aluminized

layer

were explored. In

corrosion and stress combinations, such as SCC and corrosion fatigue, where
corrosion rates are typically lows./, it was shown that the aluminized coating will
remain intact for extensive periods of time.
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CHAPTER 2

EXPERIMENTAL CONDITIONS

Test Solution

Aluminized coated and uncoated grade of 300 series stainless steel type
304 w ere tested in synthetic sea w ater, prepared to ASTM D1141
specifications, see Appendix I. The specimens were tested at ambient
temperature (75o F) and various pH levels ranging from normal sea water pH 8
to pH 0.5 which was produced by addition of reagent grade 37.6 % hydrochloric
acid.

Stress corrosion cracking tests were conducted in a boiling 40%

magnesium chloride solution to ASTM G36 specifications.

Test Specimens

Test specimens were cut from sheet stock so that the longitudinal
direction of the specimen was parallel to the rolling direction of the original
stock. The specimens were in the as-received cold rolled and annealed
condition. After degreasing the specimens in soap solution, followed by a water
rinse, and immersion in acetone for 30 seconds, one to three specimens were
subjected to each
the

test

test

specimens

condition.
was

90.5 ksi.

The

ultimate

the yield

tensile

strength

strength was
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of

38.5 ksi.

the percent elongation was 58.2, and a Rockwell B Hardness was measured at
69. The chemical composition of the test specimens was 0.07% carbon, 18.18%
chromium, 0.36% copper, 1.51% manganese, 8.19% nickel, 0.032% potassium,
0.009% sulfur, 0.43% silicon, 0.22% cobalt, 0.08% nitrogen, and the balance
was iron. These chemical composition and mechanical properties were
provided by the vendor. Metal Samples Inc., and were determined to ASTM
specifications.

Diffusion Coating

Aluminized diffusion coating may be considered as a chemical vapor
deposition (CVD) process which involves the aid of a powder mixture. This
process typically involves the part to be coated (substrate), aluminum powder
(source), a halide salt (catalyst activator), and an inert dilutent such as alumina
(filler). When the substrate is heated with a powder mixture, the activator reacts
to produce an atmosphere of halides which diffuse in the mixture and transfer
the source elements to the substrate.

Prior to coating, the specimens were grit-blasted using aluminum oxide
abrasives, cleaned and degreased in acetone. The specimens were coated by
diffusion coating through immersion in a 10 % aluminum, 88 % aluminum oxide
and 2 % ammonium chloride powder mixture packed in a stainless steel tube
and heated for 2 hours at 12000 F in an air atmosphere and an additional
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one hour at 19500 F in an argon atmosphere. The argon atmosphere is needed
to prevent ignition of volatile hydrogen gas which is formed as a by product of
the reaction which produces volatile aluminum halides, which could also ignite.
This diffusion applied coating procedure sensitizes type 304 stainless steel. The
ammonium chloride is utilized as a catalyst and is 0.5% of the total coating by
weight, and thus it was not

expected to have a significant effect on the

corrosion behavior. Several specimens’ coating was removed by up to 90% in
surface area through abrasive sanding, in order to study the effect of coating
rupture and/or dissolution on the galvanic corrosion protection of stainless steel.
After the coating process was completed, a test specimen was mounted in
Bakelite, polished, and the coating thickness and microstructure along with the
base metal microstructure and sensitization extent were examined under 200 X
and 400 X magnifications.

Thermal Spray Coating

Prior to coating, the specimens were hand polished to a 200 grit finish,
cleaned and degreased in acetone. Specimens were thermal spray coated with
95% pure aluminum powder. The powder was applied to the surface of the
specimen using a combustible gas, propane, as a heat source. The powder and
gas are
a

heated

nozzle,

and

(Figure 1).

the

burning

In general,

as

gases are

released

through

deposited

thermal

sprayed
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coatings exhibit low bond strength, and high porosity. In order to improve bond
strength, lower porosity, and provide limited diffusion of the coating into the
metal, the as-coated specimen were post heat treated.
as-deposited

bonding

of the

mechanical interlocking of the

particles

The

mechanism

of

to the surface is due largely to

solidifying and shrinking particles, with

asperities of the surface being coated. Thus, sanding to a 200 grit surface
improves the bond strength with the thermal spray aluminum. Thermal spray
coatings do not heat the specimen and thus eliminate sensitization problems.
This has an obvious advantage in comparison to diffusion coating process
which sensitize Type 304 stainless steel.

Post coating heat treatm ent at 700op and 850op for 8 hours was
investigated in order to reduce the porosity and improve bonding of the coating.
After the coating process was completed, a test specimen was mounted in
Bakelite, polished, and the coating thickness and microstructure were examined
at a 200X magnification. Several specimens' coatings were removed by up to
90% in surface area through abrasive sanding, in order to study the effect of
coating rupture and/or dissolution on the galvanic corrosion protection of
stainless steel.
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CHAPTER 3

TESTING PROCEDURE

Electrochemical Testing - Pitting and General Corrosion Rates

Electrochemical corrosion testing techniques are ideal for the study of the
corrosion processes since corrosion occurs via electrochemical reactions.
Electrochemical computer control equipment by Gamry Inc., as illustrated
schematically in Figure 2, was utilized to perform accelerated corrosion testing
to determine corrosion pitting potential through cyclic potentiodynamic
polarization plots, and general corrosion rates through polarization resistance
and Tafel plots. The electrochemical testing apparatus consisted of a computer
controlled potentiostat with built in programs which produced the polarization
resistance, cyclic polarization and Tafel plots. The test cell shown in Figure 2
consisted of the Type 304 stainless steel specimen (metal sample) a platinum
counter electrode and a calomel reference electrode. The Type 304 stainless
steel specimen measured 0.02 inch in thickness, 0.25 inch in width and 6 inch
in length. The total surface area of the the specimen exposed to the corrosive
solution was 2.5 inchz.

8
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General Corrosion Rates

The potentiostat was utilized to force the potential of the metal sample
away from its equilibrium potential, referred to as polarizing the sample. A
computer controlled potential was applied between an inert platinum counter
electrode and the type 304 stainless steel specimens in 0.1 mV/sec increments
from -0.01 V to 0.01 V versus the sample equilibrium potential determined by
the reference electrode. For each potential increment a current was recorded,
between the counter electrode and the test specimens, producing a plot of
potential versus current density. The slope of this nearly linear plot is called the
polarization resistance of the specimen. The corrosion current of the specimen
is inversely related to the polarization resistance by constants referred to as the
Tafel constants. The Tafel constants, cathodic and anodic, are determined by
performing a Tafel test on the specimen. In the Tafel test a larger potential scan
is performed, from -0.5 V to +0.5 V versus the sample equilibrium potential.
Similar to the polarization test, a current is measured for each potential scan of
im V/sec, producing a potential versus current density plot. The slopes of the
cathodic and anodic Tafel plot are the cathodic and anodic Tafel constants
respectively. When the polarization resistance and the Tafel constants are
known, the corrosion current can be calculated. The corrosion current, in turn, is
directly related through material properties and conversion factors to the
corrosion rate. Chapter 4 illustrates the exact equations and plots describing
polarization resistance and Tafel constants. Corrosion rate measurements as
described

above

were

performed

on

the

specimens
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daily

in

10

order to develop a plot of corrosion rate in miliinches per year (mpy) versus
time in days until a steady state corrosion was achieved.

Pitting

The cyclic potentiodynamic polarization technique was utilized to
determine the test specimens resistance to pitting. As in the polarization test, the
specimens were polarized away from their equilibrium potentials. However, a
larger anodic potential

scan was needed in order to break the specimen

passive film, and produce pitting. This test involved a forward scan of -0.1 V to
1.5 V at 5 mV/sec and at 1.5 V the scan was reversed to 0 V at 2.5 mV/sec. The
hysteresis that is produced in the reverse scan increases with increasing extent
and tendency of pitting. Chapter 4 provides details of the cyclic potentiodynamic
polarization plot. This type of testing was performed on the specimens after an
hour exposure to the test solution. After testing, the specimens were examined
at 50 X magnification in order to determine the extent of pitting.

Corrosion Fatigue Testing

Corrosion fatigue testing was performed utilizing a sheet metal fatigue
tester manufactured by Fatigue Dynamics, Inc. with specimens that were cold
punched

to

the

specification

shown in

Rgure 3. In

these tests

the

corrosive solution was applied through a sponge attached to both surfaces
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of tfie specimen by a clear plastic wrap which prevented excessive solution
evaporation. Specimen thicknesses varied from 0.0620 inch for the uncoated
specimens to 0.0690 inch for the thermal spray specimens and 0.0624 inch for
the diffusion coated specimens.

Corrosion fatigue cracking is usually characterized by a brittle failure
caused by a fluctuating stress. The frequency of loading and the load value in
corrosion fatigue testing is extremely important Very high testing frequencies
and load values

could eliminate the effect of the corrosive environment by

reducing the time to failure. Thus, fatigue tests were conducted at a low
frequency of 10 cycles per second. The stress applied, ±26 ksi, was fully
reversed, and as such considered most severe. Tensile stress is taken as
positive and compressive stress as negative, and therefore both specimens
surfaces experienced both tensile and compressive loading of equal values.
For face centered cubic (fee) steels, such as Type 304 stainless steel, tested In
dry air, a fatigue limit defined as a minimum loading value at which fatigue
failure was not observed, has not been reported in the literature. However, body
centered cubic (bcc) steels exposed to dry air have shown a fatigue limit at a
completely reversed and other loading, equal to or below half their ultimate
tensile strength. Thus, a loading of ±26 ksi. or 52 ksi range, was chosen to
allow for extended load cycles prior to failure. This loading value (26 ksi) is
about one third of the 90 ksi ultimate tensile strength of the test specimens,
thereby, allowing for longer testing period prior to failure. It is important to note
that the addition of a corrosive solution to a corrosion fatigue susceptible alloy
considerably lowers its fatigue life and eliminates the fatigue limit in alloys
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which exhibit it

Other completely reversible loads such as ±45 ksi and ±35 ksi were also
evaluated. At these higher loads, however, cycles to failure were low and
therefore these loads were

not

selected. After testing, specimens were

mounted in Bakelite, polished, and examined under a 200X magnification in
order to observe the microstructure and cracking orientation present.

Stress Corrosion Cracking Testing

Basic U-bend specimens were utilized for studying stress corrosion
cracking (SCC). The U-bend configuration forms one of the most severe smooth
specimen tests for SCC. Figure 4 shows several U-Bend test specimens, under
constant strain, utilized in this study. A 304 stainless steel bolt was placed
through holes in the legs of the specimens and was loaded by tightening a nut
on the bolt forming a 180o bend in accordance with ASTM Q30. The outer fibers
(top of the bend) have the highest stress, where cracking occurred, with the
stresses decreasing away from the top point of the bend. The specimens
measured 0.25 inch wide, 3 inches long, and the radius of bend curvature was
0.75 inch. Specimens thicknesses varied from 0.0620 inch for the uncoated
specimens

to

0.0690

inch

for

the

thermal

spray

0.0624 for the diffusion coated specimens.
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specimens

and
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Specimens were immersed in the corrosive solution and time to crack
initiation was recorded. Such constant-strain tests are simple to construct,
however they have certain disadvantages. As cracks initiate and grow, the load
on the specimen decreases and thus the specimens must be overloaded in
order to generate visible cracks that may not grow once the load has decayed.
In addition, the samples must be inspected frequently in order to determine the
maximum failure time. As such the specimens were visually inspected hourly,
and the time to failure recorded. After testing, specimens were mounted in
Bakelite, polished, and examined under 200X magnification in order to observe
the microstructure and cracking orientation present.

Crevice Corrosion Testing

Crevice corrosion resistance testing was performed through bolting
Teflon gaskets between one inch by one inch stainless steel specimens and
torquing to 40 in-oz to ASTM G78 specifications. The specimen's dimension in
the crevice was 0.25 inch wide, 1 inch long and was 0.02 inch thick. Figure 5
illustrates the crevice corrosion assemblies. The specimens were fully
immersed in the test solution for a period of 30 days and then examined for
localized corrosion under a SOX magnification.

Utilizing a Teflon sheet gasket to form the crevice in contact with the
metal creates a very tight

crevice that is often more severe than crevices
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formed between two metals or between rubber and metal. Teflon's ductility
along with the highly smooth surface finish of the Teflon's sheet, combined with
a maximum torque value, that will still allow for corrosive
into

the crevice, formed a

solution

diffusion

minimal crevice gap. A tighter crevice reduces

the amount of oxygen migration into the crevice which produces a more severe
form of crevice corrosion as follows.

In comparison to the metal surrounding the crevice, the metal inside the
crevice has a limited amount of dissolved oxygen. After the oxygen in the
crevice is depleted in the reduction reaction, no further oxygen reduction
occurs, although the dissolution of the metal continues. This produces excess
positive charge in the crevice, which is balanced by the migration of negatively
charged chloride ions into the crevice. Then, the crevice has a higher
concentration of chloride ions forming hydrochloric acid which lowers the pH
and accelerates the corrosion rate inside the crevice. This in turns creates a
higher positive charge inside the crevice which produces increasing amounts of
chloride Ions migrating into the crevice. Thus, the result is an accelerating
corrosion or autocatalytic. process.

Sensitization Testing

Sensitization resistance testing was performed after heating specimens
in the sensitization temperature range 1250o F for one hour and air cooled.
When the test specimens were heat treated as such, precipitation of chromium
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rich, CrasCe, occurred at the higher surface energy austenite grain boundaries,
in comparison to the lower surface energy grains. Since the carbides precipitate
along grain boundaries, the linking of the chromium-depleted areas provides a
continuous path of lower corrosion resistance along the grain boundaries for
the propagation of intergranular corrosion. Test specimens were mounted in
Bakelite, polished, and examined under a 200X magnification for chromium
carbide formation in order to determine the extent of sensitization present.
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CHAPTER 4

THEORY AND APPLICATION

Surface Engineering Technology

The demand for improving the corrosion resistance of metals and alloys
through surface modifications has increased simultaneously with increasing
Industry demands for corrosion performance of engineering components . As
the performance demands placed on engineering materials have increased, the
importance of surface engineering technologies has increased along with them.

Aiuminized Diffusion Coating

Diffusion coatings are pack-deposited by heating the components to be
treated in contact with the powder coating mixture in an air atmosphere at
temperatures typically between 1OÛO0 F to 12000 F for 1 to 4 hours and in inert
gas, such as argon gas atmosphere, at temperatures typically between I 8 OO0 F
to 20500 F. The aluminizing coating process is performed in a pack consisting of
the following mixture: pure aluminum metal powder, filler - a ceramic powder
phase which prevents sintering of the mixture during high temperature
processing, activator - a volatile halide, usually an ammonium chloride, which
acts as a chemical transfer medium for the aluminum.
16
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The metallic specimens to be pack coated are put in a reactor vessel
compacted with the pack mixture. Coating thicknesses varying from 0.0001 to
0.04.inch could be formed in this process. Using ammonium chloride as the
activator, the following high-temperature reactions take place when aluminum is
deposited on the surface of type 304 stainless steeiz2.

Decomposition of NHaCI:

1.

NH4CI(s) = NH3(g) + HCI

Formation of volatile aluminum halides;

2.

6 HCI(g) + 2AI(pack) = 2 AICl3(g) + 3 H2(g)

3.

AICl3(g) + 2AI(pack) = 3AICI(g)

Deposition of aluminum onto type 304 stainless steel (substrate) surface:

4.

2AICI(g) + 3Fe-Cr-Ni(substrate) = 2AIFe-Cr-Ni(substrate) + FeCl2(g)+
Cr-Ni(s)

5.

3 FeCl2(g) + SAI(pack) + 3Cr-Ni(s) = 3AIFe-Cr-Ni(substrate) + 2 AICl3(g)

6.

3AICI(g) + 2Fe-Cr-Ni = AICl3(g) + 2AIFe-Cr-Ni
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7.

2AICI(g) + 2Fe-Cr-Ni = 2AIFe-Cr-Ni + Cl2(g) decomposition reaction

8.

2AICI(g) + H2(g) + 2Fe-Cr-Ni = 2AIFe-Cr-Ni + 2HCI(g) reduction reaction

Rates of deposition are controlled by partial pressure gradients of the pack
mixture elements and the substrate coating surface. The governing diffusion
reactiori22 is reaction number 6 producing an aluminum content of 26 to 34 wt%.
Photomicrographs of the pack diffusion layer formed on type 304 stainless steel
are shown at 200X to 400X magnification in Figure 6.

Diffusion coating formation mechanism in nickel alloys was studied by
Goward and Boonezs. It was observed that diffusion of aiuminized coating on
such alloys could be classified "inward diffusion" and "outward diffusion". It was
noted that at the lower diffusion temperature of 12000 F the coating formed at a
relatively fast pace by an inward diffusion of aluminum through aluminum-rich
NiAI. Upon further heat treatment at higher temperature, 2 0 0 0 o F, the single
phase region in the center of the coating, NiAI was grown by the relatively
slower outward diffusion process of nickel from the substrate alloy which
reacted with the aluminum producing a nickel-rich aluminum layer.

Type 304 stainless contains 8% nickel, hence we believe a similar
process to

the

one

described

likely to take place during
304 contains
as such

will

of

and

outward

the diffusion coating process.

also approximately 70%
likely

inward

form

inward

iron
and

and

18%

outward
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composed of Al-Fe-Cr-Ni. Microhardness testing showed that the diffusion layer
was only slightly softer than the bulk material. Type 304 stainless steel. It was
most probably composed of the slightly softer Al-Fe-Cr-Ni as compared to FeCr-Ni in the bulk material. The combination of corrosion resistance elements
such as chromium and nickel combined with the aluminum provided for a highly
corrosion resistance diffusion coating layer in comparison to the pure aluminum
thermal spray coating layer. The mostly pure aluminum deposited by thermal
spray produces a much softer layer as compared to the diffusion deposited
layer. Chapter 5 describes these testing results.

Aiuminized Thermal Spray Coating
Thermal spray is the term given for a group of processes in which
metallic, ceramic, and polymeric materials in the form of powder, wire, or rod are
passed through a torch where they are heated to near or above their melting
point. The resulting molten or near molten droplets of materials are ejected in a
gas stream onto the surface to be coated. On impact, the droplets form thin
lam ellar particles which adhere to the surface through mostly mechanical
bonding, overlapping and interlocking with the surface as they solidify. The
molten droplets take a variety of shapes as they impact and solidify on the
surface. Some limited diffusion or chemical bonding could occur upon
subsequent heat treatment of the coated parts^s.
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Thermal spray coatings are usually formed by multiple passes of the
torch over the surface. Coating thicknesses varying from 0.002 to 0.375 inch
could be formed in this process. A major advantage of the thermal spray coating
Is that the specimen to be coated is not heated significantly by the coating
process. Thus, materials with high melting points can be applied to finally
machined, fully heat treated parts without changing the properties of the part
and without thermal distortion of the part. Some of the disadvantages of this
process are that the as-deposited surfaces are too rough and vary in thickness
considerably for some applications. Therefore subsequent operations such as
grinding, polishing, and machining are necessary to improve surface
conditions. Bonding strength of the coating to the base metal is lower In
comparison to a diffusion deposited coating. In addition, thermal spray coatings
exhibit higher porosity than the diffusion deposited coatings. The porosity of
flame sprayed coating may exceed 15%. In addition to producing a reduced
protective barrier between the substrate and the corrosive environment,
increased porosity of the coating will increase its corrosion rate by allowing the
corrosive solution to enter through the pores, resulting in a larger surface area
exposed to the corrosive solution. Heat treatment operations of the coated parts
can reduce porosity and enhance bonding strength to a limited extents.

Electrochemical - Pitting and General Corrosion Rates

Utilizing electrochemical techniques to study general corrosion rates
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provided for a more precise measurement of corrosion rates over time
compared to traditional weight loss measurements of corrosion rate.
Electrochemical testing utilizing equipment, such as manufactured by Gamry
Inc., that can measure corrosion currents to 10*9 provides a more precise
corrosion rate measurement than traditional methods. In traditional weight loss
measurements a sample is weighed before and after immersion in a corrosive
solution in testing periods varying from 30 to 90 days, and the weight loss, or
gains are converted to corrosion rates. Such testing does not allow for
determination of the daily change in corrosion rates, giving instead an estimate
of the average corrosion rate over a certain period. In addition, actual corrosion
rates typically change with time towards a steady state value, a phenomenan
that cannot be observed with the weight loss method.

Utilizing electrochemcial techniques to study pitting corrosion also
provided for a more extensive and precise characterization of pitting initiation
and propagation as compared to traditional methods that involve immersion of a
specimen in an oxidizing corrosive solution for periods of 30 to 90 days
followed by visual and optical pitting extent analyses.

General Corrosion Rates

General

corrosion rates were measured by polarization curves for
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activation controlled anodic and cathodic partial processes. When the half-cell
reaction is controlled by the rate of charge electron flow,
considered

to

the

reaction is

be activation or charge transfer controlled which results in

activation polarization, as opposed to concentration polarization. In a corroding
environment containing chlorides the cathodic reaction occurs by the reduction
of hydrogen at the metal surface, also called the hydrogen evolution reaction.

1.

2 H + + 2 e = H2

This reaction can occur in different steps any of which can control the rate of
reaction and cause activation polarization. The anodic reaction, for metal M
would be:

2.

M = M2+ + 2 e

The overall corrosion reactions for iron and aluminum in hydrochloric Acid
environment are:

3.

Fe + 2HCI = FeCl2 + Hz

4.

2AI +6HCI = 2AICI3 + 3Hz

These equations, 3 and 4, involve the hydrogen ion reduction but they differ
only in their anodic oxidation, reactions:
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5.

Fe = Fe2+ + 2e

6.

AI = AP+ + 3e

Previous research24,25 has shown that the degree of polarization at a
given current is inversely proportional to the corrosion rate of a metal. Linearity
was observed at low polarization overvoltages up to a few millivolts. Thus, the
slope of the linear curve is inversely proportional to the corrosion rate by
constants which are derived from the non linear portion of the polarization curve
which occurs at higher overvoltage, approximately 500 milivolts, called the Tafel
plot constants. Stern and Geary^e, and Stern27 have correlated earlier theory
and experimental observations^s and developed equations which are utilized
today to calculate corrosion rates in electrochemical testing. Considering an
example of the activation polarization plot shown in Figure 7 the following
equations can be applied».

7.

I applied cathodic, (lapp, c) = I cathodic, (Ic) - 1anodic, (la)

where Ic is the current density for the cathodic reduction reaction, la is the
current density for the anodic oxidation reaction, and I app,c is the applied
cathodic current density. Similarly, the anodic current density, I app,a is given
by:

8.

I applied anodic = I anodic - 1cathodic = I app,a
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When polarizing from the corrosion potential. Ecorr, with cathodic and anodic
applied current densities, Icathodic (Ic) and lanodic (la).

9.

Ec = Be log Ic
Icorr

and

10.

Ea = Ba log Ja
Icorr

Where Ba and Be are the Tafel constants, Ea and Ec are the anodic and
cathodic overvoltages and Icorr is the corrosion rate in terms of current density.

Converting equations 9 and 10 into exponential form and substituting in
equation 7 we obtain:

11.

I applied cathodic = Icorr ( io-Gc/Bc - ioEa/Ba)

12.

The polarization resistance Rp is defined as d (E)

=

(I app)
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lapp.c is the difference between two exponential functions which approaches
linearity with overvoltage E as E approaches 0.

Rearranging equation 12 and differentiating;

Rp =______ _________
2.3 (Icorr) (Ba + Be)

13.

or

Icorr =

1/Ro (Ba Be)
2.3 (Ba + Bc)

14.

Corrosion Rate = I corr (K) E.W. / d A = milinches/ÿear (mpy)

Where K is a constant that defines the unit of corrosion rate (1.288 x IQS)
milinches / Amp cm year, E.W. is the equivalent weight given by (atomic weight /
equivalent of charge per mole F or nF), d is the material density in grams/cm3, A
is the area in cm2.

Equation 14 is derived from the proportionality between current, I, and mass
reacted, m, in an electrochemical reaction given by Faraday’s Law;

15.

m = IT W
nF
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Where F is Faraday’s constant (96.500 coulombs/equivalent), n is the number of
equivalent exchanged, W the atomic weight and T the time. Electron flow is
measured as current, I, wfiere 1-ampere is equal to 1-coulomb of charge (6.2 x
1018 electrons/sec). Using the anodic reaction of iron as equation 5, n = 2, thus
equivalents of electrons are transferred for each atomic weight reacted.

Dividing equation 15 through by T and the surface area. A, yields the corrosion
rate equation:

16.

Corrosion Rate =

m = Icorr W
TA

(W/nF = E.W .)

A nF

Units of corrosion penetration per unit time can be achieved by dividing
equation 16 by the density, d, of the alloy and for corrosion rate in milinches per
year the constant K is used which results in equation 14.

The cathodic and anodic Tafel constants which are needed to calculate
the corrosion current in equation 7 are equivalent to the slope of the anodic and
cathodic Tafel plot, shown in Figure 8. Most corrosion systems are activation
controlled and thus obey equation 13. A log current versus potential curve that
is linear on both sides of Ecorr (anodic and cathodic) is indicative of activation
controlled system. However, the exceptions are:
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a. Concentration polarization, where the rate of reaction is controlled by the rate
at which reactants arrive at the metal surface. Cathodic reactions often exhibit
concentration polarization at higher currents, when diffusion of oxygen or
hydrogen ion is not fast enough to sustain the activation controlled rate.

b. Oxide formation, which may or may not lead to passivation can alter the
surface of the sample being tested. The original surface and the altered surface
may have different values for the constants in equation 13.

c. Other effects that alter the surface, such as preferential dissolution of one
alloy component, can also result in different values for the constants in equation
13.

d. A mixed control process, where more than one cathodic or anodic reaction
occurs simultaneously, complicates the model. An example of mixed control is
the simultaneous reduction of oxygen and hydrogen ion.

e. Potential drop as a result of cell current flowing through the resistance of the
cell solution can cause an error in the activation model. This effect may be
corrected for via IR compensation in the potentiostat.

In most cases, complications like those listed above will cause non-linearities in
the Tafel plot. In this study the Tafel constants (Ba, Be) were obtained from a
mostly linear Tafel plot of the metal samples both coated and uncoated as
discussed and shown in Chapter 5.
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Classic Tafel analysis is performed by extrapolating the linear portions of a
log current versus potential plot back to their intersections as shown in Figure 8.
Unfortunately, many real world corrosion systems do not provide sufficient
linear regions to permit accurate extrapolation. Most modern corrosion test
software, such as supplied by Gamry Instruments Inc., performs a more
sophisticated numerical fit to equation 13 and can measure corrosion current up
to 10*9 amperes. In a Tafel analysis a curve fitting macro-program uses a non
linear log I weighted, chi squared minimization to fit the data in the selected
region of the Tafel plot which was ± 0.5 V in this study. This minimization
algorithm makes a number of estimates for the values of the four parameters
Icorr, Ecorr, Ba and Be. After each estimate the fit is evaluated. A new estimate
for the parameter values is then made using the well-known Marquardt
algorithm. The process is repeated until either the fit stops improving, or after a
preset number of iterations.

In the polarization resistance test a small signal I versus E curve near Ecorr,
+.01 V utilized in this study, is plotted. The Microsoft Excel macro-program
calculates a linear least squares fit of the current versus voltage curve over a
selected region. The slope of the fitted line has units of ohms and is the
polarization resistance (Rp). The polarization resistance value is then used to
calculate Icorr and the corrosion rate as was previously illustrated. By restricting
the potential to be dose to Ecorr a straight line slope could be fitted.
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Pitting
The cyclic potentiodynamic polarization technique was utilized to study
the specimens susceptibili^ to pitting corrosion. In this test as in the polarization
resistance test the specimens were polarized away from their equilibrium
potential. However In the cyclic potentiodynamic polarization the sample is
anodically polarized by a large overvoltage ( +1.5 V) in order to determine the
critical pitting potential, Epit. which is used as a measure of resistance to pitting.
Increasing amount of chlorides in an acidic solutions usually increases the
corrosion current at all potentials. In addition, a dramatic increase in corrosion
current is observed at Epit as illustrated schematically in Figure 9. Pitting will
occur at potentials exceeding Epit. The increase in corrosion current above Epit
indicates the low overvoltages anodic dissolution inside the pit. The higher the
potential at which Epit occurs the more resistant the alloy to pitting corrosion. If
the solution also contains oxidizers such as Ferric Chlorides, the overall Ecorr
potential of the alloy is raised and so does Epit.

The mechanism of pit initiation at Epit is as follows» . As potential
approaches Epit the chloride concentration increases at the passive stainless
steel surface due to the positively charged surface and the negatively charged
chloride anion. Microprobe measurements revealed chloride salt accumulations
dispersed on the surface of iron». Beneath these salt accumulations a highchloride, low-pH environment is formed similar to that described in Chapter 3 for
crevice corrosion, creating an autocatalytic process by oxygen
Inside

the

pit.

Thus,

the

pit

is

positively

charged,
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respect to the area adjacent to the pit which is cathodic. The area adjacent to
the pit is cathodic and thus forms an unfavorable site for pit initiation. As such
pitting are spaced and do not form a single large pit as is formed in crevice
corrosion. Sites for pit initiation, or chloride salt accumulations, where found to
occur mostly at sulfide inclusionssi. An insoluble Fe(OH)s corrosion product
collects at the pit exterior when Fe2+ diffuses out of the pit to the exterior, where
it oxidizes to Fe^^ and precipitates into the bulk solution as Fe(OH)3. For
stainless steel the additional anodic reactions of nickel and chromium are
similar to equation 3 for iron in the pit. Chromium strongly passivates stainless
steel, however, chromium chlorides formed in the corrosion processes create
very low pH which makes the alloy susceptible to localized pitting. Nickel
formed in the corrosion process do not hydrolyze as strongly as chromium and
as such accounts for the improved pitting resistance of the higher-nickel
alloys29.

After some anodic polarization above Epit, the direction of polarization is
reversed in a cyclic polarization test and hysteresis is formed between the
reverse scan, which will passivate the pits,

and the initial anodic one, as

illustrated in Figure 9. The point at which the reverse scan intersects the anodic
scan defines Eprot (Eprotection), below which established pits cannot continue
to grow, in comparison, new pits initiate only above Epit. Between Eprot and
Epit new pits cannot initiate but old pits can grow. Thus, the lower the amount
hysteresis or the closer Epit is to Eprot the more resistant the alloy is to pitting.
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Corrosion Fatigue
Fatigue is a term utilized to describe the failure by cracking of a metal
under cyclic stresses. Typically, fatigue cracks initiate and propagate, as in
stress corrosion cracking, until the load-bearing section of the metal is reduced
to a point at which the tensile strength of the metal is exceeded. At this point, the
last to fail metal will separate by overload fracture. Laboratory testing of
corrosion fatigue involve a specimen which is subjected to cyclic stresses of
varying amplitudes and frequencies. The alternating stress is composed of a
maximum sfress, a minimum stress, a stress range, and a mean stress»
illustrated schematically in Figure 10. It is well established that the presence of
corrosive environment can accelerate the initiation and propagation of fatigue
cracks, known as corrosion fatigue. A study by P yle» has indicated that fatigue
crack initiation and propagation involves accelerated corrosion of at slip bands
due to film rupture. Thus, repassivation by galvanic protection using aluminum
or aluminum-nickel-chromium, and repassivation by alloying elements such as
chromium and nickel would be expected to increase resistance to corrosion
fatigue initiation. Typically, the propagation of corrosion fatigue cracks is
transgranular, but it can become intergranular in sensitized Type 304 stainless
steel34.

A common method of describing the effect of environment in fatigue is by
plotting the fatigue fracture stress with the number of stress cycles applied (S-N
curves) in air versus a measure of the corrosive environment, such as pH. In
alloy evaluation it is often costly to try to establish a corrosion fatigue limit, a
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stress

below

which

no failure occurs, by long testing. Thus, a stress at

which failure does not occur after 107 or 108 cycles is reported. The alloy will not
usually exhibit a corrosion fatigue limit. Corrosion fatigue studies of austenitic
stainless steel in

s e a w a te r3 s ^ 7

have shown that increasing the tensile strength,

increasing the chromium, molybdenum, and nitrogen contents, and decreasing
grain size will increase resistance to corrosion fatigue. For austenitic stainless
steels the most important factor was shown to be tensile strength».

Sensitizing heat treatm ent for Type 304 stainless steel have a
detrimental effect on the corrosion fatigue strength. It has been shown that a
reduction of 65% in corrosion fatigue strength of sensitized Type 304, as
compared to non-sensitized, resulted in 3% sodium chloride solution at ambient
temperature at 107cycles».

A study39 of cold-worked Type 316 stainless steel showed that lowering
the pH to 3 or below in saline solutions leads to a 50% reduction in corrosion
fatigue strength at 10^ cycles.

Increasing the corrosion resistance by cathodic protection at -0.85 V
(S.C.E) has shown to raise the corrosion fatigue strength of cast Type 304
stainless steel at 108 cycles from 4 ksi without cathodic protection to 9 ksi with
cathodic protection».
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The equation utilized to calculate the bending stress applied to the
fatigue specimen is derived from the flexure formula:

1.

S=
I

Where M is the bending m om ent, c is the distance from neutral axis. I is the
moment of inertia, and S is the bending stress.

For a rectangular cross section M = P L, c = t/2, and I = 1/12 b R hence:

S= 6P L
bt?

or, rearanging

2.

P=SJ l P
6L

Where P is the load at the connecting pin (apex of triangle), S is the desired
bending stress, L Is the distance between the connecting pin and the center of
the specimen, b is the width of the specimen at length L from point of load
application, t is the thickness of the specimen.
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Stress Corrosion Cracking

Stress corrosion cracking (SCO) is a term describing a stressed alloy
failure in a corrosive environment by cracks propagation. SCO is typically a
brittle fracture, however it can occur in ductile alloys. SCO usually involves a
combination of a tensile stress, either residual or applied, and a specific
corrodent. The cracks propagate approximately at 90o to the direction of
applied stress. The stress level in stress corrosion cracking is much lower than
that required to cause failure in the alloy in the absence of a corrodent. SCO will
propagate to a depth at which the last load bearing section of the material
separated by normal overload as does corrosion fatigue failure. Thus, the
fracture surface will contain areas characteristic of SCO, in addition to areas
exhibiting normal ductile failure.

During stress corrosion cracking the amount of corrosion experienced by
the alloy is virtually unnoticeable, while fine cracks progress through it. Both
intergranular and transgranular cracking or both have been observecPS/w. The
are two main different suggested mechanisms responsible for the propagation
of the stress corrosion crack9.i7,29. The first is removal of material by dissolution
or by film formation :

a. Stress Accelerates Dissolution

The crack propagates by dissolution of metal along a path. Plastic deformation
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accelerates dissolution.

b. Brittle Film Rupture

The crack propagates by content formation and rupture of a brittle film that
grows into the metal at the crack tip.

c. Film Rupture and Dissolution

The crack propagates by constant formation and rupture of a brittle film at the
crack tip and by dissolution of adjacent metal before the film re-forms.

The second is the separation of material :

a. Hydrogen Embrittlement

The crack propagates by mechanical fracture of a region weakened by
hydrogen accumulation.

b. Adsorption

The crack propagates due to species absorbing and reducing bond strength at
the crack tip.
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C. Film Rupture and Mechanical Fracture

The crack propagates by repeated formation and rupture of a brittle film at the
crack tip and by mechanical fracture of the adjacent metal before the crack is
arrested by plastic deformation and the film re-forms.

The numerous mechanisms for SCO proposed above and the lack of
agreement as to which mechanism dominates have led to simple terminology to
describe SCO in terms of the environment which causes it. Terms such as
Chloride SCO, Caustic SCO, and others are often used to describe SCC of
stainless steels

The most widely used test for susceptibility of stainless steels to SCC is
the magnesium chloride test. In this test a 40% magnesium chloride solution is
brought to a boil at 1550C. This is a very severe environment which causes
SCC in U-Bend Type 304 stainless steel specimens over periods from a few
hours to several weeks depending on the stress levels, microstructure,
composition, and surface condition. This test has been utilized extensively due
to the belief that stainless steels that can endure such test for a long period of
exposure are not likely to exhibit SCC when exposed to chloride environments
in service. A stress corrosion test employing a boiling acidified solution of
sodium chloride was standardized as ASTM G 123 in 1994. This test is
considered less severe than the Magnesium Chloride test and is believed to
simulate in service conditions in Sodium Chloride environments better than
the magnesium chloride test. However, since this test is fairly new there is
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little published information of its correlation with in-service conditions.

The effect of alloying addition to stainless steel on its SCC resistance in
chloride environments has been studied by Latanison^i. Among alloying
elements that

have been found to enhance chloride SCC resistance of

austenitic stainless steels are nickel, cadmium, zinc, silicon, beryllium, and
copper. The beneficial effect of nickel to chloride SCC has been extensively
studied and is most substantiaH2-44. a study^z on the effect of nickel content on
the susceptibility of austenitic stainless steel wire specimens tested in boiling
magnesium chloride showed that 50% nickel content would provide resistance
to Chloride SCC. Another study indicates^s that decreasing the phosphorus
content of austenitic stainless steels to 0.003 wt%, such as achieved with
plasma furnace melting, produces an alloy that is highly resistant to SCC in
boiling magnesium chloride solutions.

Decreasing the applied stress increases time to failure, and at low
stresses a threshold stress, below which no failure occurs has been indicatecHe.
A study47 of solution annealed Type 347 electropolished tensile specimens
established a threshold stress at approximately 26 ksi. However, stress is a
difficult parameter to control in in-service conditions. Stress relief annealing fully
assembled structures should eliminate residual stresses, however, only small
structures could be annealed as such. Sensitization is very detrimental to SCC
in Chloride environments and in many cases can cause SCC17. Sensitization
can

cause

many

stainless

steels to become susceptible to intergranular
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cracking in chloride envircnments^s

Sensitization was also reported to create intergranular chloride SCC
in Type 304 and 316 in synthetic sea water and 0.1 M

sodium

chloride

solutions at80°C 49.

In both SCC and corrosion fatigue a corrosive solution causes brittle
fracture in an alloy that is ordinarily ductile. Both SCC and corrosion fatigue are
produced by a stress that has a tensile component, which produces crack
propagation perpendicular to the principal component of the stress. In contrast
to corrosion fatigue. SCC requires a specific corrodent which produces a very
low corrosion rate. SCC are often branched in contrast to corrosion fatigue
cracks that are blunt at the tip and do not typically branch. In contrast to SCC.
corrosion fatigue cracks initiate and propagate at areas of localized slip and
thus are typically transgranular, whereas SCC are often intergranular or both
intergranular and transgranularzs.

The equation utilized to calculate the total true strain (e) on the outside of the UBend specimen’s surface was calculated from the strain equation given by
ASTM Q30 (Making and using U-Bend Stress Corrosion Test Specimens) :
1.

e -T /2 R

W henT«R

Where T is the specimen thickness, and R is the radius of t>end cun/ature. The
stress was then calculated utilizing the true stain / true stress curve
approximation equation for Type 304 stainless steel^s :
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2.

a » K en

Where a is the true stress. K is the strength coefficient (184.9 ksi). and n is the
strain-hardening coefficient (0.45).

Crevice Corroeion

Crevice corrosion, like pitting corrosion, is a form of localized corrosion
that can occur within crevices or under shielded surfaces where a stagnant
solution is present. A crevice can tie formed by either a metal to metal or a metal
to a non-metal joint such as with bolts, gaskets, surface deposits, or biological
growth. Crevice corrosion occurs in many alloy systems including titanium and
its alloysso and is of particular concern in marine environments. In order to form
crevice corrosion the crevice gap has to be sufficiently wide to permit entry of
the corrodent but sufficiently narrow to ensure

limited oxygen and other

oxidizers in comparison to the surface outside the crevice, often called the free
surface. It has been shown that tight crevice gaps and large depth will reduce
the alloy resistance to crevice initiationsi.

For stainless steel corroding in an aerated sodium chloride solution the
anodic metal dissolution reaction within the crevice is M = M+n + ne. which is
balanced by the cathodic reaction on the free surface. O2 + 2 H2O + 4e = 40H
The increased concentration of M+ within the crevice results in the migration of
chloride ions. Cl-to maintain neutrality. The metal chloride formed. M+CI- is
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hydrolyzed to hydroxide and acid:
sodium chloride solution,

M+CI* + H2O = MOH + H+CI-. In a neutral

pH 7 or 8. the hydrolysis reaction keeps the pH

values inside the crevice below 2, while the bulk solution Is at a neutral pHsi.
The low pH found inside the crevice in comparison to the bulk solution
occurs in many alloys' crevice and pitting corrosion due to the autocatalytic
nature of this type of corrosion. Studiess^-ss nave found that crevice corrosion
initiates by the formation of discrete pits within the crevice region. However, in
contrast to pitting corrosion, these pits combine into larger corroding areas.

S tudies56.57

of Type 304 stainless steel indicate that the acidification

within the crevice is created mainly by the hydrolysis reaction of chromic ions
C r+3

+ 3 H2O = Cr(OH)3 + 3 H+. These studies indicated that the amount of

chromium ion determines the acidity reached in stainless steel crevices. Thus
Increasing the chromium content in stainless steels will increase the
susceptibility to crevice corrosion and pitting as was described in the “Pitting
Corrosion" Section. The dissolution of austenitic stainless steels in the crevice
solution will produce an increase, with time, of the concentration of metal ions
(Fe, Ni, Or) and chloride ions and a decrease in pH due to hydrolysis of
chromium ions. A study by Lottseof Type 304 stainless steel crevices in aerated
0.1 N sodium chloride solution, in which metal ion concentrations was
monitored by inductively coupled plasma spectroscopy, revealed a significant
increase in the chromium content only after breakdown of the stainless steel
passive film occurred. However, increasing the chromium content in austenitic
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stainless steel increases their resistance to pitting and crevice corrosion. The
beneficial effect of increasing the chromium content is attributed to the fact that
chromium increases passivity, making it more difficult to break through the
passive film inside the crevice. However, once the film is broken the pH inside
the crevice or pit will be lowered significantly with increased chromium alloying
content.

As in pitting resistance, the major alloying elements nickel and chromium
increase resistance to crevice corrosion. However, among the alloying
elements found in stainless steel motytxienum provides the greatest resistance
to crevice corrosions^. A study by Ujiroso has illustrated a reduction in crevice
corrosion rate from 15 g/fn^-h to 4 gAn2-h inside a Teflon crevice for an increase
in molytxlenum content from 3 wt% to 6 wt%. respectively, in austenitic stainless
steels tested at 650C, in 0.05 N hydrochloric add solution.

Sensitization

The exposure of austenitic stainless steels to elevated temperatures for a
long period of time can result in the formation of various precipitates. In Type
316 stainless steel a carbide (MzsCe), chi, Laves phase, and sigma phase can
precipitate at certain elevated températures^^. Generally described in the
metallurgical literature by time-temperature-precipitation (TTP) diagram for Type
316, it is observed that the precipitation of MzsCs can occur in relatively short
times or at relatively fast cooling rates compared to the other predpitates.
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Carbide precipitation leads to sensitization which can

cause intergranular

corrosion in certain environments. Considerable research has been done in
developing grades of 300 series stainless steels that resist sensitization. It is
now well-known that during heat treatm ent in the tem perature range of
approximately 950o to 14500 F. precipitation of carbide at austenite grain
boundaries

takes

place.

Type

304

stainless

steel contains

from

0.06% to 0.08% carbon, so excess carbon is available for combining with
chromium to precipitate as carbides. At these elevated temperatures carbon
diffuses toward the high-energy grain boundaries forming CrzsCe which is
insoluble and precipitates out of solid solution if the solid solution carbon
content is at 0.02% or higher. The chromium content at the grain boundaries is
reduced significantly, creating a galvanic coupling between the grains and the
grain boundaries, with a large cathode to anode ratio, respectively, in which the
grain boundaries are anodic resulting in interganular corrosion.

Stainless steels grades such as Type 304L and 316L indicate that the
carbon content was reduced to less than 0.03 %. In the case of Type 304L if it is
heated at 1200Q F for a period of less than one hour and cooled at a fairly rapid
rate to room temperature, the precipitation of chromium carbide will be nil.
However, upon extended heat treatment for a period of more than one hour,
sensitization will occur.

Other remedies to sensitization include the use of

titanium additions, as in Type 321 stainless steel, or niobium plus tantalum
additions, as in Type 347 stainless steel. Types 321 and 347 precipitate the
cartx>n as

titanium carbide and

niobium

carbide leaving no cartxsn to
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precipitate as the chromium-rich grain boundary carbide. All these remedies
have certain advantages and disadvantages.The stabilized grades Type 321
and 347 can suffer a “knifeline attack” when heat treated at high temperatures
due to dissolution of the stabilized carbides at temperatures exceeding 220Qo F
followed by rapid coolingzs. Knifeline attack can be prevented by heating
above 14350F, so that the chromium carbides dissolve and cartx)n forms
titanium or niobium carbide again^s. Lowering the cartx)n to 0.03% or less in
Types 304L and 316L reduces the alloy strength considerably.

Chromium and carbon are the primary elements causing sensitization.
Other elements such as nickel, however increase the carbon activity in solid
solution which increases the carbide precipitation thus enhancing sensitization,
molybdenum as chromium precipitates as a carbide at grain boundaries,
leading to sensitization^.
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CHAPTER 5

RESULTS AND EVALUATION

Aluminlzed Diffusion Coating

The diffusion coating thickness measured 0.000350 to 0.000375 inch as
illustrated in Figure 6. An intermediate diffusion layer measuring approximately
0.00005 inch was also observed. Microhardness of the diffusion layer and the
bulk metal were performed utilizing a Vickers Microhardness Test. Utilizing a
Vickers 25 load, the diffusion layer average microhardness for three tests was
VHN 162 (Vickers Hardness Number). Utilizing a Vickers 25 load, the bulk
metal average microhardness for three tests was VHN 177.

An intermediate layer observation and the fact that the diffusion layer
microhardness is only slightly lower than that measured for the bulk metal
support the theory by Coward and Booneza. who studied aluminized diffusion
coating mechanism on nickel alloys. Thus, it is believed that the outer, thicker
layer obsen/ed was formed by inward diffusion of aluminum in an aluminumrich. Al-Fe-Cr-Ni layer which is slightly softer than the bulk metal. The
intermediate layer is believed to have formed by outward diffusion of Fe-Cr-Ni
to combine with the outer layer forming a Fe-Cr-Ni-rich. Al-Fe-Cr-Ni layer. This
intermediate

layer

microhardness

should be

similar

to

that of

the

bulk material since a lower percentage of the softer aluminum is present. The
44
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Vickers Microhardness tester utilized did not have the capability to measure the
microhardness of this intermediate layer (layer too thin).

Based on the study by B o o n e ^ s at the lower diffusion temperature, 1200°
F, the coating formed at a relatively fast pace by an inward diffusion of
aluminum through aluminum-rich Fe-Ni-Cr-AI layer. Upon further heat treatment
at higher temperature 19500 F the intermediate region in the center of the
coating was grown by the relatively slower outward diffusion process of Fe-NiCr from the substrate alloy which reacted with the aluminum producing an FeNi-Cr-rich, Fe-Ni-Cr-AI layer.

Porosity was not observed in the diffusion outer or intermediate layer at
400X magnification, a result which is also consistent with its relatively high
mean microhardness value, that was slightly below that of the bulk metal value.
In addition to its low porosity, the diffusion layer chemical composition
consisting of corrosion resistance enhancer elements, nickel and chromium, is
expected to have better corrosion resistance than the more porous, pure
aluminum thermal spray layer.

Aluminized Thermal Spray Coating

The thermal spray coating thickness measured 0.003 inch to 0.007 inch
as illustrated in Rgure 11. As compared to the consistent thickness diffusion
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coating layer the thermal spray coating layer was extremely uneven. This type
of coating typically requires post-coating operations such as machining to
provide a more consistent coating thickness for parts that require closer
tolerance as was described in Chapter 4.

Microhardness of the thermal spray layer and the bulk metal were
performed by a Vickers Microhardness Test. Utilizing a Vickers 25 load, the
thermal layer average microhardness for three tests was VHN 27. Utilizing a
Vickers 25 load, the bulk metal average microhardness for three tests was VHN
179.

An intermediate layer, such as has been observed in the diffusion
coating, was not observed in the thermal spray coating. Instead, it appeared that
a significant gap. measuring 0.0017 inches existed between the thermal coating
and the bulk metal indicating separation due to this coating's low adhesion
properties. The separation could also have occurred during the specimen
cutting and Bakelite mounting process. Also, a high porosity was observed as
shown in Figure l l . l t appears that the porosity level exceeded 15% which is
common for this type of coating operation as was described in Chapter 4. The
low microhardness value of this as-received thermal sprayed layer indicates
that the layer consisted primarily of pure aluminum which was highly porous.

Modification to the thermal sprayed layer porosity and adhesion were
performed

at

temperatures just

under

the

sensitization
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and 8500F for 8 hours as illustrated in Figure 12. From optical inspection it
appeared that the porosity has been lowered significantly, probably to the range
of 5% to 10% for both heat treatments as compared to approximately 25% for
the as-received thermal spray coating. The heat treatment has also reduced
the coating porosity and thus its thickness. It was difficult to estimate this
reduction in coating thickness due to the large variation in the original coating
thickness. The gap between the coating and the bulk metal was also reduced
significantly from 0.0017 inch to 0.00075 inch for both heat treatments indicating
improved coating adhesion. Although some diffusion of aluminum into the bulk
metal was possible, it was not visible at the magnifications observed.

Utilizing a Vickers 25 load, the thermal layer average microhardness for
three tests performed on the coating of the heat treated specimen at 7000 F was
VHN 38. For the coating, heat treated at 850o F the average was VHN 36.
Utilizing a Vickers 25 load, the bulk metal average microhardness for three tests
was VHN 174. It appears from the above results that the two heat
treatments.7000 F and 850o F. provided similar enhancements to the coating
porosity and adhesion as was also indicated by their similar micohardness. It
was expected however, that at the higher temperature, a somewhat better
adhesion and a reduction in porosity will be observed. As these two
temperatures only vary by ISQo F and time at temperature were identical the
results are not surprising. The high porosity of the thermal sprayed layer, in
comparison to the diffusion layer, is expected to increase the corrosion rate by
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allowing increased surface area to be exposed to the corrosive solution. Thus,
the lower coating porosity achieved through post heat treating should improve
the thermal sprayed coating corrosion resistance and adhesion.

Electrochemical - Pitting and General Corrosion Rates

General Corrosion

The Tafel plots for the aluminized diffusion coated, thermal coated and
uncoated Type 304 stainless steel are shown in Figure 13. These Tafel plots
exhibited a fairly linear Tafel region indicating that the corrosion reaction was
activation controlled. The Tafel constants for the diffusion coated specimens
were Be 219.4 mV/Decade, Ba 283.1 mV/Decade, for the thermal spray coated
specimens were Be 69.1 mV/Decade. Ba 72.1 mV, and for the uncoated
specimens were Be 104.8 mV/Decade, Ba 35.3 mV/Decade.

The lower ratio of Ba to Be exhibited by the uncoated specimens is
typical for alloys which exhibit an active passive and transpassive behavior
such as stainless steels. The corrosion current is initially high when these alloys
are anodically polarized, however, when the passive region is reached the
corrosion current reduces significantly. In the Tafel test the sample is polarized
to a potential that is below the alloy passive region. The initially high corrosion
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current in this region gives rise to a lower Ba which is found from the slope of
the linear anodic Tafel region ;

A!
The Tafel constants are based on material
environment and their value

does

properties in a particular

not indicate

corrosion resistance.

Consequently, as was observed in this sudy, the Tafel constants did not vary
with pH. However, the ratio of the anodic Tafel constant to the cathodic Tafel
constant Ba/Bc indicates if the material exhibits a significantly different behavior
anodically in comparison to cathodically such as an active, passive,
transpassive material.

It was noted that both the diffusion and thermal spray coating Tafel
constants did not exhibit a large ratio of Ba/Bc which is typical for a material that
does not exhibit an active, passive, transpassive behavior. It was noted that the
aluminized coating both diffusion and thermal spray, exhibited a slightly larger
slope anodically than cathodically, with the diffusion coating exhibiting a larger
ratio of Ba/Bc, compared to the thermal spray coating, probably due to its higer
nickel and chromium content.

The general corrosion rate measurements of the coated and uncoated
specimens were conducted at pH 0.5, 2. 4, 6. and 8. Corrosion rates were
measured daily until a steady state rate was reached. The equivalent weight
used for the diffusion and thermal spray coating was Atomic Mass of Al(27) / 3 e.
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or, 9 g/Equivalent

The number of equivalents for stainless steel was

calculatedas follows:
Atomic Mass of Fe f561 x 71%/100 + Atomic Mass of Cr (52) x 18%/100
2 equiv.

+

2 equiv.

Atomic Mass of Ni (591 x 8%/100 = 27 g/Equivalent
2 equiv.
The average corrosion rate of three specimens for each test condition Is
illustrated in Table 1, and are plotted versus time in days as illustrated in Figure
14 (range of data is shown). The polarization data are shown in Figure 15.
Electrochemical corrosion resistance measurements typically have an error of
approximately 10 %62, as was noted in the current testing.

As was expected in all testing conditions. Type 304 uncoated specimens
exhibited a lower corrosion rate than the aluminized coated specimens.
Therefore, the aluminized coating should protect the stainless galvanically in
such chloride environments. The diffusion coated specimens exhibited better
corrosion resistance than the thermal coated specimens in all testing
conditions. The improved corrosion resistance of the diffusion deposited
coatings is attributed to their lower porosities and presence of corrosion
resistant elements, chromium and nickel.

pH 0.5 :

In the pH 0.5 solution, the thermal spray coated specimens exhibited a
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high corrosion rate, reaching steady state at approximately 63 mpy. In
comparison, the diffusion coated specimens exhibited a much lower corrosion
rate reaching steady state at approximately 6 mpy and the uncoated specimens
reaching a steady state at approximately 3 mpy (Table 1 ; Figs. 14A and 14B).
Both the thermal spray and diffusion coating were completely removed after 14
days and 17 days, respectively, in this highly acidic test solution. Coated
specimens inspected after 12 days immersion in pH 0.5 solution for signs of
corrosion in the bulk metal. Type 304 stainless steel, did not exhibit any form of
corrosion.

pH 2

In the pH 2 solution, the corrosion rate for the thermal spray specimens
was much lower than at pH 0.5. reaching a steady state at 0.96 mpy. At such a
corrosion rate, if the corrosion occurs evenly throughout the surface, the thermal
spray coating will remain intact approximately 3 years. In comparison, the
diffusion coated specimens exhibited a steady state corrosion rate of 0.55 mpy
and the uncoated specimens reached a steady state corrosion rate of 0.37 mpy
(Table 2; Fig. 140). At this corrosion rate the diffusion coating will remain intact,
for a constant surface corrosion, for approximately one year.

pH 4 ;

In the pH 4 solution . the steady state corrosion rate for the thermal spray
specimens was 0.19 mpy, 0.11 mpy for the diffusion coated specimens, and
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0.01 mpy for the uncoated specimens (Table 3; Fig. 14D). At this corrosion rate
the thermal spray coating will remain intact, for constant surface corrosion, for
approximately 21 years, and the diffusion coating for approximately 3.5 years.

pH 6 :

In the pH 6 solution, the steady state corrosion rate for the thermal spray
specimens was 0.11 mpy. 0.05 mpy for the diffusion coated specimens, and
0.001 mpy for the uncoated specimens (Table 4; Fig. 14E). At this corrosion rate
the thermal spray coating will remain intact, for constant surface corrosion, for
approximately 36 years and the diffusion coating for approximately 7.5 years.
For comparison, the corrosion rate of commercially pure aluminum in similar
environment is approximately 0.08 mpyoz.

pH 8:

In the pH 8 solution, the steady state corrosion rate for the thermal spray
specimens was 0.09 mpy. 0.008 mpy for the diffusion coated specimens, and
0.0007 for the uncoated specimens (Table 5; Fig. 14F). At this corrosion rate,
the thermal spray coating will remain intact, for constant surface corrosion, for
approximately 44 years and the diffusion coating for approximately 46 years.

Heat Treated Thermal Spray Layer

The heat treated thermal spray coating, which exhibited lower porosity
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and better adhesion, also exhibited a somewhat better corrosion resistance
than the untreated specimens at the lower pH testing solutions. In the pH 0.5
solution a steady state corrosion

rate

was reached

at

approximately 55

mpy in comparison to 63 mpy for the untreated thermal layer (Table 1; Fig. 14A).
In the pH 2 solution a steady state corrosion rate was reached at 0.83 mpy.
compared to the untreated thermal layer at 0.96 mpy (Table 2; Fig. 14C). In the
pH 4 solution a steady state corrosion rate was reached at 0.17 mpy which is
similar to the untreated thermal layer within experimental error at 0.19 mpy
(Table 3; Fig. 140). At pH 6 and 8 the heat treatment did not offer improvement
in corrosion rate as it was in the same range as the untreated thermal spray
layer steady state corrosion rate. 0.12 mpy and 0.08. respectively (Tables 4 and
5;R gs. 14Eand 14F).

Both the diffusion and thermal spray coating were removed equally and
completely on both sides of the specimens, intentionally, by up to 90% of the
specimens' surface area, in order to evaluate the effects of coating rupture or
dissolution on the specimens corrosion resistance. In both thermal spray and
diffusion coated specimens the corrosion rate was similar to the fully coated
specimens with coating removal of up to approximately 50% of the overall
surface area in all test solutions. When approximately 90% of the coating was
removed, the corrosion resistance was sim ilar to that of the uncoated
specimens These tests were performed on one specimen per test condition in
order to demonstrate that uneven coating rupture and dissolution will not affect
the coating galvanic corrosion protection at approximately 50% of the surface
area. Thus, the galvanic aluminized coating provides protection to the uncoated
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surfaces up to a limiting distance. Future study to detennine the exact extent
of coating removal on the specimen corrosion rate is recommended.

Pitting Corrosion
Pitting corrosion testing was performed utilizing cyclic potentiodynamic
polarization. Uncoated specimens exhibited pitting corrosion in solution pH 0.5,
2. 4, and 6; however, pitting was not observed in the pH 8 solution. Table 6
illustrates the average pitting potentials, Epit and Eprot, for two uncoated test
specimens, and the cyclic potentiodynamic polarization plots are shown in
Figure 16. Figure 17 illustrates the extent of pitting observed on these
specimens. The Epit observed increased, as expected, with lower pH values.
The Epit values were: in pH 0.5, 0.21 V, in pH 2, 0.40 V, in pH 4, 0.42 V. and in
pH 6, 0.48 V. In pH 8 pitting was not observed and Epit equaled Eprot at 0.48 V.
Thus, low Epit values were only observed at pH 0.5. In contrast, between pH 2
to 6. Epit values were in the 0.40 to 0.45 V range. Hysteresis decreased
significantly between pH 0.5 to pH 8. with nil hysteresis observed at pH 8. This
hysteresis observation was in agreement with the extent of pitting observed as
illustrated in Figure 16.

Both the thermal spray and diffusion coated specimens exhibited
complete immunity to pitting corrosion in all testing conditions. However, a rapid
dissolution of the coating by general surface corrosion was observed, in
particular in the pH 0.5 solution, in which the coating was completely removed
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by the completion of the test. In the pH 2, 4, and 6 solution, as expected, the
coating remained intact throughout the testing.

Figure 18

illustrates

the

constant increase in corrosion current with potential, exhibited by the coated
specimens, without indication of a passive, active, or transpassive behavior.

The coated specimens were then tested with 50% of the coating,
intentionally removed to study their resistance to pitting corrosion. These
specimens, as illustrated in Figure 19, did not exhibit pitting corrosion in all
testing conditions. Thus the coating's galvanic properties allowed for protection
of the uncoated areas up to a limiting distance.

Corrosion Fatigue

in order to determine the effect of the corrosive environment, versus in-air
testing, on the number of cycles to failure, corrosion fatigue testing was
performed on three coated and uncoated specimens per testing condition, at
reversible stresses of ± 26 ksi, one specimen at ±35. and one specimen ± 45
ksi.

At loads of ± 26 ksi the num tw of cycles to failure of the in-air tested
specimens, both coated and uncoated, varied between 4 xioe and 4.5 x 106
cycles (Table 7; Fig. 20A). At this number of cycles to failure and with a
frequency of 10 cycles per second, the testing period was approximately 4 to 5
days. In such a period, the corrosive solution had sufficient time to affect the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

56

fatigue strength.

The aluminized coating, tx)th diffusion and thermal spray, did not offer
any noticeable additional fatigue strength in-air testing. Consequently, It was
not expected that the mostly pure, relatively thin, aluminum coating, which has a
much lower tensile strength than stainless steel, approximately 15 ksi. in
comparison to 90 ksi for the stainless steel, will contribute significantly to the
fatigue strength.

Stress level ± 26 ksi

pH 0.5 :

The average number of cycles to failure for the uncoated specimens was
1.24 X 106 cycles. In comparison, the average number of cycles to failure for the
aluminized coated specimens was similar to the in-air tested specimens at 4.32
X 106 cycles (Table 7; Fig. 20A).

pH2:

The average number of cycles to failure for the uncoated specimens was
3.03 X 106cycles. In comparison, the average number of cycles to failure for the
aluminized coated specimens was similar to the in-air tested specimens at 4.22
X 106 cycles.
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pH 4 :
The average number of cycles to failure for the uncoated specimens was
4.12 X 106 cycles. In comparison, the average number of cycles to failure for the
aluminized coated specimens was similar to the in-air tested specimens at 4.35
X 106 cycles. Thus, the effect of the corrosive solution on the fatigue strength
was not noticeable in the time frame tested. It is expected that during long
periods of in-service conditions, corrosion fatigue could occur in chloride
solutions at pH 4 or higher.

Stress level ± 3 5 ksi

pH 0.5 :

The number of cycles to failure for the uncoated specimen was lowered
to 0.84 X 106 cycles. In comparison, the number of cycles to failure for the
aluminized coated specimens was similar to the in-air tested specimens at 1.75
X 106 cycles (Table 7; Fig. 2GB).

pH 2 :

The number of cycles to failure for the uncoated specimen was 1.21 x 106
cycles. In comparison, the number of cycles to failure for the aluminized coated
specimens was
Thus,

the

similar to the in-air tested specimens at 1.85x106cycles.

corrosion

process,

at

this

pH and

stress
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not have sufficient time to affect the fatigue strength considerably.

Stress level ± 45 ksi

pH 0.5 :

At this stress level, the numt)er of cycles to failure for the uncoated
specimen was lowered further to 0.52 x 106 cycles. In comparison, the number
of cycles to failure for the aluminized coated specimens was similar to the in-air
tested specimens at 0.92 x 106cycles (Table 7; Fig. 20C).

pH 2 :

At this stress level, the number of cycles to failure for the uncoated
specimen was 0.85 x 106 cycles. In comparison, the number of cycles to failure
for the aluminized coated specimens was similar to the in-air tested specimens
at 1 .04 X 106 cycles. Thus, the corrosion process at this pH and stress level did

not have sufficient time to affect the fatigue strength considerably.

Table 7 illustrates the average and single specimen cycles to failures at
these pH levels and stress values for the coated and uncoated specimens.
Figures 20 A. B. and C are a plot of fatigue strength versus pH for the uncoated
and coated specimens at the three stress levels. The overall difference between
the uncoated and coated specimens fatigue cycles to failure increases with
increasing

testing

periods and

decreasing pH. Longer
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were achieved at the lower stress of ±26 ksi. Thus, the largest difference in
fatigue cycles to failure between coated and uncoated specimens was
observed at ±26 ksi and pH 0.5 with a difference of approximately 3 x 106
cycles.

When tested in air. the thermal spray coated, diffusion coated, and
uncoated specimens exhibited transgranular fatigue crack morphology. The
corrosion fatigue tested uncoated specimens exhibited a larger number of
transgranular cracks that did not propagate to failure near the final fracture area
than did the air tested specimens. In comparison, the corrosion fatigue tested
thermal spray and diffusion coated specimens exhibited low numbers of cracks
near the final fracture zone, as did the air tested specimens indicating immunity
to corrosion fatigue. Figure 21 illustrates the crack morphology observed as
discussed above. As illustrated, specimens that experience corrosion fatigue
exhibit an increased amount of cracking in comparison to the corrosion
resistance specimens. Thus, corrosion fatigue cracks initiate at a break in the
passive layer of the stainless due to the corrosion process, which supports the
theory of Pyless indicating that fatigue crack initiation involves accelerated
corrosion at slip bands due to film rupture.

Stress Corrosion Cracking
Coated and uncoated test specimens were tested as U-Bend specimens
producing
equation of

an
true

extreme fiber
stess

true

stress
strain

of 44.08 ksi
cunte

calculated

from

the

approximation illustrated in
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Chapter 4, Stress Corrosion Cracking Section. This stress. 44.08 ksi, is above
the yield strength of the test specimens at 38.5 ksi. Stress corrosion cracking of
Type 304 stainless steel has been reported at stresses much below the yield
strength and at corrosion rates below 1 mpy».

Coated and uncoated specimens did not exhibit stress corrosion
cracking at ambient temperature. pH 0.5. synthetic sea water testing solution.
However, when tested in the boiling. 1550 C. 40 wt% magnesium chloride
solution the uncoated specimens exhibited stress corrosion cracking after 3 to
4 hours. In contrast, coated specimens did not exhibit cracking in the boiling
magnesium chloride solution after a 30 day testing period. Figure 22 illustrates
the combined intergranular and transgranular crack morphology observed on
the uncoated specimens, and the crack-free surface observed on the coated
specimens. Both diffusion and heat treated thermal spray coated specimens did
not exhibit coating cracking or separation in the U-Bend trailing magnesium
chloride solution testing. However, the untreated therm al spray coating
exhibited limited coating separation when the specimens were formed into the
U-Bend shape with increased separation when they were tested in the boiling
magnesium chloride solution.

The combination transgranular and intergranular
morphology

observed

in

this

SCC

investigation, in

branched crack
comparison to

the transgranular crack morphology observed in corrosion fatigue, suggests
that SCC operates by a

different

mechanism. The

mechanism in SCC
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apears to be by crack propagation following the path of corrosion. Hence, the
mechanism which applies is: the crack propagates by dissolution of metal along
a path. Plastic deformation accelerates dissolution.

The general corrosion rate of the heat treated thermal spray coated
specimens in the boiling magnesium chloride solution was 0.40 mpy, 0.12 mpy
for the diffusion coated specimens and 0.05 mpy for the uncoated specimens.
Thus, the thermal spray aluminized coating will remain intact, if the corrosion is
constant throughout the surface, for approximately 7.5 years. The diffusion
coating will remain intact for 3 years.

Stress corrosion cracking testing in boiling magnesium chloride was also
conducted on coated specimens with 50% of the coating intentionally removed,
to study the coating effectiveness when dissolution or rupture occurs. These
specimens did not exhibit stress corrosion cracking after a 15 day testing
period. Thus, galvanic protection will prevent SCC even if part of the coating
was removed.

Crevice Corrosion

Crevice corrosion resistance testing was performed through bolting
Teflon gaskets between one inch by one inch stainless steel specimens and
torquing to 40 in-oz to ASTM G78 specifications. Three creviced specimens
were completely immersed in each testing solution for a period of 30 days and
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then inspected at 50X magnification for crevice corrosion.

The thermal spray and diffusion coated specimens did not exhibit crevice
corrosion in all testing conditions. Extensive general surface corrosion of the
coating, both thermal spray and diffusion, was evident at the pH 0.5 and pH 2
solutions. However, crevice corrosion was not observed at 50X magnification in
the bulk metal, after most of the coating was removed by the corrosion process
during 20 day testing period. At pH 6 and 8 the coating remained intact, with
some general surface corrosion observed during the 30 day immersion,
however, crevice corrosion was not observed at 50X in the bulk metal.

In contrast to the above results the uncoated specimens exhibited crevice
corrosion in all testing conditions as follows.

pH 0.5 :

At this pH severe crevice corrosion was observed on the uncoated
specimens at 50X magnification.

pH 2

At this pH level severe crevice corrosion was observed at 50X
magnification on the uncoated specimens similar to the severity observed at pH
0.5. The pH reduction inside the crevice was likely similar to the one at pH 0.5. It
appears that at very low pH values, such as pH 0.5. the surface outside the
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crevice is not significantly more noble than the surface inside the crevice. Thus,
the pH inside the crevice at pH 0.5 was probat)ly not reduced significantly more
than at pH 2 and as such did not cause a more severe crevice corrosion than
that observed at pH 2.

pH 6 :
At this pH level the crevice corrosion observed on the uncoated
specimens at SOX magnification was not as severe as the one observed at pH
0.5 and 2.

pH 8 :
At this pH level the crevice corrosion observed at 50X magnification was
least severe and appeared to be in the form of pits that in some areas combine
together. This result supports the theoryS2 55 that crevice corrosion initiates by
the formation of discrete pits within the crevice region, with, these pits
subsequently combining into larger corroding areas.

Crevice corrosion testing was also conducted on three specimens at pH
2 with 50% of the thermal spray and diffusion coating removed. Crevice
corrosion was not observed on the uncoated area of these specimens after a 30
day immersion. Thus, the galvanic coating was able to protect the exposed area
of these specimens.

Figure 23

illustrates

the crevice corrosion obsen/ed on the tested
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specimens as discussed above.

Sensitization
Sensitized uncoated spedmens were formed by heat treating at 12500
F for one hour. In addition, the diffusion coated specimens were sensitized
during the coating process which involve heating in the 12000 F temperature
range for two hours. The extent of sensitization observed is illustrated in Figure
24.

Diffusion coated specimens tested for general corrosion, pitting
corrosion, crevice corrosion, corrosion fatigue, and stress corrosion cracking did
not exhibit

corrosion or intergranular corrosion attack, indicating that the

coating has protected the sensitized structure. These specimens were also
tested with 50% of the coating surface area intentionally removed, in order to
study the ability of the coating to protect the sensitized structure when partial
coating dissolution or rupture has occurred. It was found that in all testing
conditions the 50% of the surface which remained coated was able to
galvanically protect the sensitized structure.

In contrast to the coated sensitized specimens, the uncoated sensitized
structure exhibited intergranular attack in general corrosion, crevice corrosion,
pitting corrosion and stress corrosion cracking tests. Thus, uncoated sensitized
specimens did not exhibit typical general corrosion, pitting or crevice corrosion,
instead intergranular attack occurred. The sensitized specimens did not exhibit
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the typical active, passive, transpassive behavior during pitting testing,
indicating that these specimens do not posses the oxide resistant surface layer
that unsensitized stainless steel has. Hence, the corrosion process of the
sensitized stainless steel is somewhat similar to that of a metal that does not
exhibit an active, passive, transpassive behavior. In general metals that do
not exhibit active, passive, transpassive behavior do not exhibit pitting
corrosion. Crevice corrosion testing of the sensitized uncoated specimens
showed that the surface outside the crevice was as active as the surface inside
the crevice which resulted in intergranular attack in both creviced and free
surfaces.

in of corrosion fatigue testing of the uncoated sensitized specimens, a
combination of transgranular and intergranular corrosion fatigue cracking was
observed, illustrating that corrosion fatigue cracks propagate mostly according
to the theory of

P y le 3 3

which showed that fatigue crack initiation and

propagation involves accelerated corrosion at slip bands due to film rupture.
Thus, crack propagation partially involves an intergranular corrosion path.
However, the transgranular portion of the crack propagation involves the path of
slip bands due to film rupture.

The corrosion fatigue strength of these specimens was lower than the
uncoated non-sensitized specimens. These uncoated sensitized specimens
were tested at the ± 26 ksi completely reversible stress as follows.
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pH 0.5 :

At pH level the average of three specimens cycles to failure for the
uncoated sensitized specimens was 0.61 x 106 in comparison to 1.24 x 106
cycles for the uncoated non-sensitized specimens.

pH 2 :

In this pH level the average of three specimens cycles to failure for the
uncoated sensitized specimens was 1.83 x 106 in comparison to 3.03 x 106
cycles for the uncoated non-sensitized specimens.

pH 4 :

In this pH level the average of three specimens cycles to failure for the
uncoated sensitized specimens was 2.83 x 106 in comparison to 4.1 2 x 106
cycles for the uncoated non-sensitized specimens.

Thus, compared to the control specimens, sensitization decreases the
fatigue strength by initiating more cracks due to intergranular corrosion and by
providing limited intergranular crack propagation. It is also noted that, as pH
increases, the effect of sensitization on the fatigue strength decreases.
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In stress corrosion cracking of uncoated sensitized specimens a
completely intergranular crack morphology was observed in boiling 40 wt%
magnesium chloride solution. Cracking morphology was extensively branched,
propagating along grain boundaries. In three sensitized test specimens,
cracking occurred after 1/2 hour to 2 hours, in comparison to 3 to 4 hours for the
uncoated non-sensitized specimens.

Figure 25 illustrates the intergranular corrosion and crack morphology
observed with the specimens described above.
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CHAPTER 6

CONCLUSIONS

Aluminlzed Coating

1. Both the thermal spray and diffusion coated exhibited higher corrosion rates
than the bulk metal, Type 304 stainless steel, in all testing conditions. Thus,
they provided galvanic protection to the bulk metal.

2. The diffusion coating exhibited superior corrosion resistance, superior
adhesion, and had lower porosity in comparison to the thermal spray.

3. Based on the study by Boone 23. the diffusion coating is believed to consist of
two layers. The outer layer was formed by outward diffusion of aluminum to form
an aluminum-rich Fe-Cr-NI-AI layer. The inner layer was formed by inward
diffusion of Fe-Cr-Ni to form an Fe-Cr-Ni-rich Fe-Cr-Ni-AI layer. Consequently,
the diffusion layer exhibited microhardness properties just slightly lower than
the bulk metal. In comparison, a much lower microhardness reading than the
bulk metal was noted on the mostly pure aluminum, high porosity, thermal spray
layer.

68

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

69

4. The diffusion coating measured 0.00025 to 0.000375 inch in thickness, in
comparison, the thermal spray layer measured 0.0(^ to 0.007 inch in thickness.

5. The corrosion resistance of the coating combined with its thickness and
adhesion properties determines the time period to complete dissolution in a
corrosive environment. Thus, the lower thickness of the diffusion coating is
compensated by its better corrosion resistance. In comparison, the larger
thickness of the thermal coating compensated for its lower corrosion resistance.

6. The thermal spray coating exhibited high porosity, greater than 15%, lower
adhesion properties, and greater variation in thickness comparison to the
diffusion coating.

7. The higher porosity of the thermal spray coating contributed to its lower
corrosion resistance by allowing the corrodent to act on a larger surface area. In
comparison, the diffusion layer contained corrosion resistant elements, nickel,
chromium, which combined with its lower porosity, provided improved corrosion
resistance.

8. The thermal spray coating corrosion resistance and adhesion properties
were

improved by

post heat

treating.

The

improvement in corrosion
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resistance was due to a significant reduction in porosity, approximately at 5 to
10% after the heat treatment, in comparison to approximately 25% before the
heat treatment. The improvement in adhesion is protjably due to some localized
diffusion which decreased the gap between the coating layer and bulk metal.

9. When dose toleration applications are necessary, the diffusion coating with
its thinner coating layer and excellent adhesion will have obvious advantages
in comparison to the low adhesion, thicker, less even, thermal spray layer.
However, when Type 304 stainless steel is considered the diffusion coating
process will result in sensitization. In addition the size of structure that can be
diffusion coated since the process is limited by the size of the furnace and
powder pack apparatus.

Electrochemical - Pitting end General Corrosion Rates

1. Electrochemical testing proved to be an important tool in the characterization
of the coated and uncoated specimens' general corrosion and pitting corrosion
resistance. In general corrosion testing, a more accurate correlation between
corrosion rates with time, and a more precise analysis of corrosion rates with
changing environment was possible in comparison to traditional weight loss
measurements of corrosion rate. Utilizing electrochemcial techniques to study
pitting corrosion also provided fo r a m ore extensive and precise
characterization of pitting initiation and propagation as compared to traditional
testing.
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2. The steady state general corrosion rates of the diffusion coating were
approximately one tenth the rate of the thermal spray coating at the pH 0.5
testing solution. As pH increased to 6 the steady state general corrosion rate of
the diffusion coating decreased to approximately one half the rate of the thermal
spray coating. At pH 8. however, the steady state general corrosion rate of the
diffusion coating was approximately, one tenth the rate of the thermal spray
coating. This difference is probably due to the increase in corrosion rate of
aluminum in more caustic environments. Although pH 8 is not considered
caustic, the diffusion coating, which is composed of Fe-Ni-Cr-AI, exhibited a
lower corrosion rate than the mostly pure aluminum thermal spray coating.

3. At low pH levels such as 0.5, both the diffusion and thermal spray coating will
remain intact for tim e periods in the range of several days, providing the
corrosion is constant throughout the surface. However, at pH values of 2 and
higher, both the diffusion and thermal spray coating will remain intact, for
periods ranging from several years to 40 years at pH 8, providing that corrosion
is constant throughout the surface. It was observed that dissolution of the
coating in the general corrosion and pitting corrosion testing was constant
throughout the surface.

4. The heat treated thermal spray coating exhibited approximately 10%
reduction in corrosion rate at pH 0.5 and pH 2 in comparison to the untreated
thermal spray coating. At higher pH levels, pH 4 to 6, corrosion rates of the heat
treated thermal spray coating were statistically similar to the untreated thermal
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spray coating.

5. It is possible to achieve a 3 to 5 times longer duration of galvanic protection
with the thermal spray coating in comparison to the diffusion coating at pH
levels of 2 to 6, respectively, since a thicker layer can be attained with the
thermal spray coating. However, at pH levels 0.5 and 8 the largely improved
corrosion resistance of the diffusion layer in comparison to the thermal spray
layer provides for approximately equal galvanic protection durations. It is
important to note that if post heat treatment of the aluminized layer was not
performed, lack of adhesion could reduce the improvements discussed due to
the greater thickness achieved with the thermal spray coating.

6. The coated specimens galvanically protected the bulk metal. Type 304
stainless steel, in the general corrosion testing. In addition when 50% of the
coating was removed corrosion did not occur in the bulk metal. Thus, the
coating can galvanically protect stainless steel when coating rupture or
dissolution occurs.

7. The coated specimens did not exhibit pitting corrosion in the bulk or coating
in all testing conditions. Instead, at pH 0.5, rapid dissolution of the coating
occurred which resulted in the entire coating thickness removal by the end of
the testing period for both thermal spray and diffusion coating. Uncoated
specimens exhibited pitting corrosion with increased severity with lower
pH values. At pH 8 pitting

corrosion

was not observed on the uncoated

specimens. The hysteresis observed in the cyclic potentiodynamic polarization
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testing for pitting corrosion provided a tsetter indication of the pitting behavior in
comparison to the pitting and protection potentials. Increased hysteresis
indicated increased pitting severity and low hysteresis indicated low pitting.

8. Coated specimens did not exhibit pitting corrosion in all testing conditions
when 50% of the coating was removed. Thus, the galvanic protection of the
coating can prevent pitting corrosion when coating rupture or dissolution has
occurred.

9. In-service conditions sometimes involve unexpected short periods, a few
minutes to several days, of substantial increase in corrosion severity. In such
situations the aluminized coating can provide the necessary protection needed
at pH levels as low as 0.5. The stainless steel structure or part can then be re
coated. Utilizing thermal spray to re-coat the stainless steel will most likely not
require removal of the part, in contrast, diffusion coating will require
disassembly or removal of the part to be coated.

Corrosion Fatigue

1. Compared to uncoated specimens, coated specimens exhibited immunity to
corrosion fatigue by galvanically protecting the bulk metal. In addition, when
50% of the coating was removed corrosion fatigue was not observed. Thus,
thermal spray and diffusion coating will galvanically protect Type 304 stainless
steel against corrosion fatigue when partial coating dissolution or rupture has
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occurred.

2. The uncoated specimens exhibited corrosion fatigue in pH 0.5 and pH 2
solutions at all loading conditions. A decrease in corrosion fatigue cycles to
failure as compared to the in-air tested specimens was also observed with
increasing loads due to a reduction in exposure time to the corrosive solution.

3. At pH levels equal or greater than 4 corrosion fatigue was not observed on
the uncoated specimens due to the low general corrosion rate experienced at
these pH values, approximately 0.01 mpy at pH 4. However, in-service
conditions involving long periods of exposure, several months to several years,
at pH levels of 4 and greater could result in corrosion fatigue.

4. At pH levels of 2 and higher the coating can provide corrosion fatigue
immunity in the range of several years. In comparison, at pH 0.5 the coating will
provide corrosion fatigue immunity for a period of several days.

5. Fatigue and corrosion fatigue crack morphology was transgranular. However,
a larger amount of cracks that did not propagate to failure was observed in
specimens that exhibited corrosion fatigue as compared to specimens that did
not exhibit corrosion fatigue. Thus, it is concluded that corrosion provides sites
for fatigue crack initiation and thereby lowers the fatigue strength. This finding
supports the theory of Pyless indicating that fatigue crack initiation involves
accelerated corrosion at slip t)ands due to film rupture.
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Stress Corrosion Cracking

1.The coated specimens exhibited immunity to stress corrosion cracking in the
environment considered most severe for stress corrosion cracking of austenitic
stainless steel, 40 wt% boiling magnesium chloride solution, by galvanically
protecting the bulk m etal. In addition, stress corrosion cracking was not
observed when 50% of the coating was removed. Thus, the coating will
galvanically protect Type 304 stainless steel against stress corrosion when
partial coating dissolution or rupture has occurred.

2. Both coated and uncoated test specimens did not exhibit stress corrosion
cracking when tested at ambient temperature pH 0.5 to pH 8, synthetic sea
water test solution. This illustrates the complexity of the stress corrosion
cracking mechanism which requires a specific corrodent and temperature that
can propagate a crack at a given static tensile stress level. An explanation for
the reason that stress corrosion cracking occurs readily in a boiling magnesium
chloride as opposed to ambient temperature chloride solutions has not been
found in the literature. Stress corrosion cracking has also occurred in laboratory
tests using boiling low pH sodium chloride solutions with lower number of
cracks, longer initiation periods, and at stresses above the yield point.

3. Stress corrosion cracking of austenitic stainless steel has been reported to
occur in ambient marine environments after years of exposure. However,
laboratory stress corrosion cracking testing utilize more severe environments to
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accelerate time to crack initiation. Based on such severe laboratory results, inservice susceptibility to stress corrosion cracking can be predicted for other less
severe environments.

4. When tested in the boiling, 1550 C, 40 wt% magnesium chloride solution,
uncoated specimens exhibited stress corrosion cracking after 3 to 4 hours. In
the same solution, the coated specimens exhibited increased resistance to
stress corrosion cracking, providing that the coating corrosion is constant
throughout the surface,with immunity projected to last for 7 years for the thermal
spray coating and 2 years for the diffusion coating. In neutral chloride solutions
both thermal spray and diffusion coating will provide stress corrosion cracking
immunity for periods exceeding 30 years providing the coating adhesion is
good and corrosion occurs at a constant rate throughout the surface.

5. The combined transgranular and intergranular branched crack morphology
observed in the stress corrosion cracking, in comparison to the transgranular
crack morphology observed in corrosion fatigue suggests that SCO operates by
a different mechanism. The mechanism in SCO appears to be by crack
propagation following the path of corrosion. The applicable mechanism is
propagation of a crack by dissolution of metal along a path. Plastic deformation
accelerates dissolution.

6. The untreated thermal spray coating exhibited limited coating separation
when the specimens were formed into the U-Bend shape, and increased
separation when they were tested in the boiling magnesium chloride solution.
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Crevice Corrosion
1. The coated specimens exhibited immunity to crevice corrosion by
galvanically protecting the bulk metal. In addition, when 50% of the coating was
removed, crevice corrosion was not observed in all pH levels. Thus, the coating
will galvanically protect Type 304 stainless steel against crevice corrosion when
partial coating dissolution or rupture has occurred.

2. Extensive general surface corrosion of the coating was evident at the pH 0.5
and pH 2 solutions. However, crevice corrosion was not observed after most of
the coating was removed by the corrosion process in a 20 day testing period. At
pH 6 and 8 the coating remained intact during the 30 days immersion, with
some general surface corrosion observed, however, crevice corrosion was not
observed; in the bulk metal. Thus, it is concluded that at pH 6 and 8 the pH
inside the crevice was above pH 0.5.

3. In the pH 2 solution severe crevice corrosion was observed on the uncoated
specimens similar to the severity observed at pH 0.5. The pH reduction inside
the crevice was likely similar to the one at pH 0.5. It appears that at very low pH
values such as pH 0.5 the surface outside the crevice is not significantly more
noble than the surface inside the crevice. Thus, the pH inside the crevice at pH
0.5 was probably not reduced significantly more than at pH 2 and as such did
not cause a more severe crevice corrosion than that observed at pH 2.
4. In the pH 6 solution the crevice corrosion observed on the uncoated
specimens was not as severe as the one observed at pH 0.5 and 2. In the pH 8
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solution the crevice corrosion observed was least severe and appeared to be in
the form of pits that in some areas combine together. These results support the
theoryS2-55

that crevice corrosion initiates by the formation of discrete pits within

the crevice region. However, in contrast to pitting corrosion, these pits combine
into larger corroding areas.

Sensitization

1. Sensitized specimens were created by heat treating at 12500 F for one hour
In addition, the diffusion coated specimens were sensitized during the coating
process.

2. The uncoated sensitized specimens did not exhibit the typical active, passive,
transpassive behavior during pitting testing, indicating that these specimens do
not possess the resistant oxide surface layer that unsensitized stainless steel
has. The corrosion process of the sensitized stainless steel is somewhat similar
to that of a metal that does not exhibit an active, passive, transpassive behavior.
In general, metals that do not exhibit active, passive, transpassive behavior do
not exhibit pitting corrosion. Thus, these specimens exhibited intergranular
corrosion when they were tested for pitting corrosion resistance.
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3. Crevice corrosion testing of the sensitized uncoated specimens illustrated
that the surface outside the crevice was as active as the surface inside the
crevice which resulted in intergranular attack in tx)th creviced and free surfaces.

4. In corrosion fatigue testing of uncoated sensitized specimens, a combination
of transgranular and intergranular corrosion fatigue cracking was observed,
illustrating that corrosion fatigue cracks propagate mostly according to the
theory of Pyle33, who showed that fatigue crack initiation and propagation
involves accelerated corrosion at slip bands due to film rupture. Thus, crack
propagation partially involves an intergranular corrosion path. The
transgranular portion of the crack propagation involves the path of slip bands
due to film rupture. The corrosion fatigue strength of these specimens was lower
than the uncoated non-sensitized specimens.

5. In stress corrosion cracking of uncoated sensitized specimens, completely
intergranular crack morphology was observed in boiling 40 wt% magnesium
chloride solution. Cracking morphology was extensively branched propagating
along grain boundaries. In three test specimens, cracking occurred after 1/2
hour to 2 hours in comparison to 3 to 4 hours for the uncoated non-sensitized
specimens.

6. Diffusion coated specimens tested for general corrosion, pitting corrosion,
crevice corrosion, corrosion fatigue, and stress corrosion cracking did not
exhibit corrosion or intergranular corrosion attack, indicating that the coating
had protected the sensitized structure.
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7. Diffusion coated specimens were also tested with 50% of the coating surface
area removed, in order to study the ability of the coating to protect the sensitized
structure when partial coating dissolution or rupture has occurred. It was found
that in all testing conditions the 50% of the surface which remained coated was
able to galvanically protect the sensitized structure.

8. If a welded or over heated Type 304 stainless steel produced sensitization,
coating it with the aluminized coating would provide corrosion protection in
highly acidic (pH 0.5) chloride environments for several days. However, at pH
2 to 8 the coating will provide protection for several years to 40 years,
respectively, provided that the coating corrosion is generally constant
throughout the surface and extensive coating rupture has not occurred.

Concluding Remarks

The overall corrosion resistance of austenitic stainless steels is good,
however, localized breakdown of the passive film often leads to catastrophic
failure. Enhancing the corrosion resistance of stainless steels has been mainly
performed by addition of alloying elements, surface electropolishing, and
surface passivation in nitric acid which were found to offer only limited
improvement. Cathodic protection has been shown to be effective in the
prevention of stress corrosion cracking and crack initiation in sensitized type
304 stainless steel. Similarly, both pitting and crevice corrosion in sea water
can be suppressed or minimized by the use of zinc, aluminum, and carbon steel
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sacrificial anodes. However, the use of a sacrificial coating to protect stainless
steel from localized corrosion has received little attention.

The use of diffusion and thermal spray coating of stainless steel has
shown to offer a relatively inexpensive method that provides for complete
immunity to localized corrosion, corrosion fatigue, and stress corrosion cracking
by galvanically protecting the bulk metal in acidic chloride environments. These
types of coatings will also provide corrosion immunity to the bulk metal when
coating rupture or dissolution occurs at approximately 50% of the metal surface
area.

Both the diffusion and thermal spray coatings will eventually corrode
away while protecting the bulk metal. However, in chloride environments at pH
levels as low as 2 the diffusion and thermal spray coating will remain intact for
several years. In comparison, at pH levels of 4 to 8 the coating can remain in
tact for 7 to 40 years. Thus, such coatings can prevent stress corrosion cracking
and corrosion fatigue which typically involve low corrosion rates without re
coating, for periods of several years to 40 years, providing that coating
corrosion occurs evenly throughout the surface and coating adhesion is good.
In highly acidic chloride solutions such as pH 0.5 both the thermal spray and
diffusion coating will corrode in several days. However, many in-service
situations involve short periods of times in which processes are out of control
and highly corrosive solutions are present which often lead to catastrophic
failure of stainless steels. In such situations these types of coatings can provide
temporary corrosion immunity to the bulk metal. In addition If a welded or
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overheated Type 304 stainless steel resulted in sensitization, covering it with
the aluminized coating will provide corrosion protection.

A better understanding of corrosion fatigue and stress corrosion, crack
mechanism in Type 304 stainless steel was achieved by comparing the two
mechanisms with the sensitized crack mechanism.

The advantages of the diffusion coating in comparison to the thermal spray
coating are;

1.

Improved adhesion.

2.

Improved corrosion resistance.

3.

More consistently distributed, thinner coating layer.

The disadvantages of the diffusion coating in comparison to the thermal spray
coating are:

1.

Thinner coating layers are only possible.

2.

The coating process sensitizes Type 304 stainless steel.
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3.

Part size to be coated is limited by furnace and powder pack unit.

4.

Parts will have to be disassembled in order to be coated.
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APPENDIX I

SYNTHETIC SEA WATER CHEMICAL COMPOSITION

Concentration.

Compound
NaCI

24.53

MgCl2

5.20

Na2S04

4.09

CaCl2

1.16

KCI

0.695

NaHCOs

0.201

KBr

0.101

H3BO3

0.027

SrCl2

0.025

NaF

0.003

The reagent grade chemical mixture was received prepared and was prepared
with reagent grade water to ASTM D1141-90 specification.
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TABLE 1
Average Corrosion Rates (mpy)
pH

Pay Thermal Sorav Coated

Diffusion Coated

X3

X

488.8

12.7

1.

X2
500.2 499.0 5129

2.

200.5

198.5 215.0

188.1

8.3

3.
4.

150.3

148.9 164.0 138.0

75.5

75.3

88.8

62.3

8.1
7.4

5.

70.3

70.0

77.0

63.8

6.

68.2

67.8

67.3

7.

68.0

67.8

60.2

8.

68.6
67.1

57.1

68.3
57.4

X

9.
10.
11.
12.

66.4
67.2
64.1
63.3

Xl

O-S

x2

x3

X

xl

x2

x3
7.6
4.1

12.1 12.9 13.0
8.5 7.7 8.6
8.0 8.6 7.7

8.1

8.3 8.4

4.6
4.3

4.8 4.9
4.1 4.7

7.4

7.8

6.8

4.1

4.1 4.4

4.0

6.5

6.4

3.4 3.5

6.2

6.4

6.5
5.7

3.5

69.8

6.6
6.4

3.1

3.0 3.5

3.6
2.7

76.0
80.4

6.3

6.4

6.3

6.2

3.2

3.1

3.2 3.1

6.1

5.6

6.5

3.4

3.4

77.8

6.1
6.7

6.6

6.1

7.5

3.0

2.9

2.9 3.9
3.1 3.4

76.1

56.2

6.4

6.3

6.4

6.5

3.3

3.2

3.3 3.3

67.3

6.8

6.2

6.5

6.4

3.1

3.6 3.2
3.4 3.6

74.6

63.1

52.1

6.2

6.1

6.6

6.1
5.7

3.1
3.4

2.5

63.1

7.8
7.1

6.5

76.8

67.0
52.4

3.1

2.6

6.1

6.1

6.5

5.7

3.2

3.5

3.1 3.6
3.1 2 9

3.3

2.9

3.7 3.2

3.1

3.1

2.7 3.5

3.1

3.1 2 6

66.2
66.9
67.4

13.
14.

Coating Removed

15.

by Corrosion Process

16.
17.

xl

6.0 5.5
6.0
Coating Removed

6.6

by Corrosion Process
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4.1

3.6

TABLE 2
Average Corrosion Rates (mpy)

Da_y Thermal Soray Coated

Diffusion Coated

Uncoated
1

xl

x2

x3

1.7

1.20

1.3

.86

1.3

0.98

.71

1.0

1.2

0.89
0.84

.80 1.0 1.3
.77 .89 1.0
.84 .94 .75

0.78

.75

.90

0.55

.53

.55

.68
.57

.78

0.78

.75 .79
.72 .73

.52
.54

.54

.53
.55

.80

0.72
0.74

0.53
0.54

.55

1.1

.79
.72

.72 .76

.74

0.47

.46

.58

.38

.82
.97

1.15

0.65

.68 .66

.62

.51

.30

1.05

0.68

.68 .68

.68

0.40 .39
0.45 .44

.39

.53

.92

.98

0.69

.69

0.44 .44

.98

0.70

.70

0.48 .48

.49
.47

.38

.98

.69 .69
.70 .71

.48

.90

1.05

.91

0.72

.71

.73

.71

0.42 .48

.35

.42

0.92

.81

.91

0.75

.74 .76

.76

.55

1.21

0.65

.53

.36

0.95

.93

.78

0.62

.66 .65
.62 .62

.65

15

.98
1.14

0.49 .43
0.44 .43

.49

0.99

1.05
.74

16

0.91

1.09

.74

.89

0.60

17

0.93

.79

.92

1.1

18

0.90

.89

.90

19

0.92

.94

1.13

20

0.93

.76

21

0.93

32

0.96

X

xl

x2

x3

X

xl

x2

x3

1.

9.2

9.1

9.5

21

20

2.3

2.

3.1

3.0

2.8

8.9
3.4

1.1

3.
4.

2.9

3.1

2.9

1.7

1.6

1.8

2.6
1.7

5.

0.99

.99

1.19

67.

0.98

.80
1.02

8.

0.99
0.97

.95
1.14

.94

9.

0.97

.90

10

0.95

11

0.98

.94
.97

12

0.95

13
14

.62

.43

.38

.39

.60

0.58

.59 .60
.58 .58

0.40 .40
0.35 .34

.59

0.37 .37

.38

.32
.37

.92

0.55

.55 .55

.55

0.38 .37

.38

.38

0.56 .56

.95

.70
1.1

.92

.92

.75

.93

.56

0.39 .39

.39

.38

0.55 .58

.56
.57

.52

0.35 .35

.32

.94

0.55 .55

.55

.56

0.36 .36

.39
.34

1.2

0.55 .55

.54

.57

0.37 .32

.33

.45
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.37

TABLES
Average Corrosion Rates (mpy)

b h jl

Pay Thermal Sorav Coated

Tvoe 3D4
xl

x2 x3

xl

x2

x3

0.19

.19

.20

.17

.38

0.14

.13

.13

.15

.10 .09 .10 .11
.05 .04 .05 .05

0.13

.14

.12

.20

.22
.17

0.11

.12

.04 .04 .03 .05
.04 .03 .04 .04

.20

.19

.20

0.12

.12

.10
.14

.13
.11
.11

.03 .03 .04 .03

0.21

.21

.21

.22

.11

.12

.12

.02 .02 .02 .02

0.19
0.20

.18
.19

.19

.21

0.12
0.11

.11

.13

.20

.22

0.12

.12

.13

.10
.11

0.18

.17

.20

.17

0.13

.13

.14

.11

.01 .02 .01 .00
.02 .02 .01 .02
.01 .01 .01 .14

0.19

.19

.18

0.11

.12

.11

.11

.01 .01

.00 .01

0.20

.20

.20

.18
.19

0.12

.12

.12

.12

.01 .01

0.20
0.18
0.17

.19

.20

.22

0.11

.11

.13

.10

.01 .01

.01 .01
.01 .02

.16

.18

0.11

.11

.12

.10

.02 .02 .02 .01

.18

.16

.18
.17

0.12

.11

.12

.13

.01 .01

.02 .01

0.18

.18

.19

.18

0.12

.13

.11

.01 .01

.00 .01

0.19

.19

.20

.18

0.11

.12
.11

.10

.13

.01 .01

.02 .01

X

Xl

x2

x3

1.

0.45

.45

.44

.46

2.

0.38

.39

.37

3.
4.

0.22

.22

.20

0.19

.19

0.20

5.
6.
7.
a.
9.
10.
11.
12.
13.
14.
15.
28.

Diffusion Coated
X
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X

TABLE 4
Average Corrosion Rates (mpy)
dH

Dav Thermal Sorav Coated

Diffusion Coated

V.nççgt^^i

x2

x3

0.12 .11

.12

.13

0.003 .003 .002 .003

.10 .09

0.002 .001 .003 .001

.14

0.10 .11
0.08 .11

.08 .07

.18

.16

0.09

.08

.15
.17

.16

0.08 .08

.09 .09
.09 .07

0.002 .001 .002 .003
0.003 .002 .003 .003

.10
.14

0.08 .08
0.05 .04

.10

0.05

.12
.11

0.07

.11
.12

0.06 .06
0.04 .04

.12

.12

0.05 .05

.05 .06

0.001 .001 .001 .002
0.001 .002 .001 .001
0.001 .001 .001 .000

.11

.10

0.05

.06 .05

0.001 .001 .000 .002

xl

x2

x3

1.

0.20

.20

.21

2-

0.18

.18

.17

.20
.19

3.
4.

0.15
0.17

.15
.17

.15

5.

0.15
0.12

.15
.10

0.13

.13

8.

0.11

.11

.13
.11

10.

0.12

.12

.11

13.
15.

0.12

.12

0.11

.11

.12
.11

18.

.10

.11

25.

0.11
0.12

32.

0.11

.12
.11

X

X

xl

x2

xl

i

6.
7.

6.

x3

.08 .08

0.002 .004 .001 .002
0.002 .002 .002 .002

.05

.05 .05
.05 .06

0.002 .002 .002 .003
0.001 .001 .001 .002

.07

.07 .08

0.05 .05

.05 .05
.06 .07

0.001 .001 .001 .001
0.001 .002 .001 .000

.05

.04 .05
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TABLE 5
Average Corrosion Rates (mpy)
PH_&

Qsx

Thermal Sorav Coated Diffusion Coated
xl

x3

X

.12

.19
.12

.10

.10

.12

0.009 .009
0.009 .007
0.007 .006

0.11

.10

.10

5.

0.12

.12

.12
.12

6.
7.

0.09

.09

.10

.11

.09

8.

0.10
0.11

.09
.10

.10

.12

9.

0.10

.10

.12

10.

0.11

.11

20.

0.10

25.
28.

X

xl

1.

0.18

.17

.18

2.

0.12

.10

3.
4.

0.11

x2

VnfW AA
xl

x2

x3

x2

x3

.009

.008
.007

0.002 .002 .003 .002
0.001 .001 .002 .001

.009

.012
.007

X

0.007 .006
0.008 .007

.006

.008

0.001 .002 .003 .001
Nil
0.000

.008

.008

0.001

0.006 .006

.007

0.007 .006

.006
.007

.007

.001 .002 .001
Nil
0.000
Nil
0.000

.11

0.008 .005

.009

.009

0.000

0.008 .010

.005

0.008 .008

.008

.009
.007

0.001 .001

.12

.09
.11

.10

.10

.09

0.009 .007

.009

.010

0.000

0.09

.09

.09

.08

0.000

.10

.09

.08

.008
.007

.010

0.09

0.008 .005
0.008 .007

.010

0.000

.11

0.000
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Nil
.001 .001
Nil
Nil

TABLE 6
Average Pitting Potentials (Volts)
Type 304 Stainless Steel Uncoated

glh

Pp_y#
X

&L

S p it-.V jL

xl

X2

X3

I

Hvster. (Ed - Edtî

S sL

xl

x2

x3

0.5

0.21

.24

.19

.21

-0.26

-.25

-.24

-.29

0.47 (Severe Pits)

2

0.40

.42

.38

.41

0.00

.00

.001

.00

0.40 (Severe Pits)

4

0.42

.43

.42

.42

0.18

.16

.19

.19

0.24 (Smaller Pits)

6

0.45

.46

.47

.43

0.25

.22

.26

.26

0.20 (Smaller Pits)

8

0.48

.50

.48

.47

0.48

.45

.48

.52

0.00 (No Pitting)
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TABLE 7
Fatigue Cycles to Failure (x 106)

J3Ü

Uncoated

Diffusion Coated

Thermal Coated

Stress Level ±26 ksi (Average Three Specimens)
xl

x2

x3

xl

x2

x3

4.4 5

4.48

4.63

4.23

1.24

1.03 1.26 1.44

3.96

4.5 2

4.45

4.74

4.37

3.03

2.92 2.86 3 32

4.17

4.2 5

4.25

4.46

4.04

4.12

3.91 4.32 4.14

4.32

3.89

4.18 4.32 3.99 4.22

0.5

xl
4 . 3 2 4.44

x2
4.48

x3
4.03

2

4.2 2

4.25

4.45

4

4.3 5

4.31

4.58

Tested in Air
4.15

3.94

4.38

4.14

4 .1 0

4.09

Stress Level ± 35 ksi (Single Specimen)
0.5

1.75

1.71

0.84

2

1.85

1.65

1.21

Tested In Air
1.63

1.82

1.67

Stress Level ± 45 ksi (Single Specimen)
0.5

0.92

0.96

0.52

2

1.04

0.95

0.85

Ttttsd-in Air
0.97

0.94
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0.98

APPENDIX III

FIGURES
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Sprayednnicrial

Bumiog gases
Spray gim
Powder and gas

Fuel gases
NoBie

S |ny
Preparad base mammal

Figure 1 Thermal spray coating application apparatus, illustrating gun and
powder shoot.
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Test Cell
1. Metal Sample.
_
2. Platinum Counter tiectrode.
3. Salt Bridge.
4. Calomel Reference Electrode.
5.,6. Test Solution.
7. Rubber Stopper.

3.

V

Gamry Inc.

Computer Control Schematic
Equipment

orr
OtSPLAT

err

9

-<}i—^CEU.:

______I.

Oo

oo

pmnr tn

Bazima.

Figure 2 Gamry Inc. Electrochemical Corrosion Test Apparatus is shown,
including test cell.
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Figure 3 Fatigue Dynamics, Inc. Variable Speed Sheet Fatigue Testing
Machine is shown, including test specimen configuration. Note the sponge
utilized for corrosion fatigue. From left to right the specimens are; diffusion
coated, uncoated, and thermal spray coated.
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W

^

m

n

F ig u re 4 Illustrating stress corrosion cracking U-Bend specimens
configuration.
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Figure 5 Illustrating several crevice specimens and cell configuration.
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200X

400X

Figure 6 The diffusion coating is illustrated as a transverse section
photomicrograph illustrating outward diffusion layer (b), inner diffusion layer (a),
and bulk metal (c) at 400X magnification. The diffusion coating is also shown at
200X.
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□ 100

Fit Une.

0.000

0.060 -0.040 ■■

-

0.020

-

0.000

■-

0.020

- •

.. Data Curve
■0.060 ■■
-1.5E^

-1.0E- -5.0E- 0.0E-#0 5.0E-0B 1.QE-05 1.5E-05 2.0E-05
^

cAknt Deifiity (A/cm2)

Figure 7 Illustrating an example schematic of Activation Polarization.
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Taüel Analysis
0.3
0.2

Ba

Extrapolated
Cathodic Current

Intersect at
Ecorr. icorr

0.1

Extrapolated
Anodic Current

E
-

0.1

-

0.2

Be

Icorr
-0.3
^ ---------1--------------1—
0.001
0.000001 0.00001
0.0001

0.01

0.1

Current

Figure 8 Tafel plot schematic example illustrating cathodic and anodic Tafel
constants calculation.
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u
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□
z

Epit

E p ro t

w
I-

o
0.

u

>

u
<c

CURRENT DENSITY

Figure 9 Cyclic potentlodynamlc polarization schematic illustration.
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STRESS
ALTERNATING
STRESS--------

STRESS
RANGE

MAXIMUM
STRESS I

□NE LOAD]
CYCLE-

MEAN STRESS

MINIMUM STRESS
-TIME-

F ig u re 10 Fatigue mean stress, max./min stress, and range schematic
illustration.
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Figure 11 Thermal spray as received transverse section photomicrograph at
200X. Illustrating high level of porosity (A), a large gap (B). and the bulk metal
(C).
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7000 F Post Heat Treatment

8500 F Post Heat Treatment
Figure 12 Heat treated thermal spray transverse section photomicrograph at
200X, illustrating the lower porosity (A) and reduced gap (B) achieved. The
higher temperature, BSQO F treatment, produced a smaller gap (B) in
comparison to the 700o F treatment gap (B).
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Uncoated
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-
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65

I
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6.5

Log Current Density (Mcm2)
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6.480 6.500
-7.0

6 .5
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-4.0

Log Currant Density (A/bm2)

Figure 13 Tafel plots for thermal spray, diffusion, and uncoated specimens.
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Figure 14(A) A plot of general corrosion rates (mpy) versus time (days) at pH
0.5 for thermal spray coated and uncoated specimens, (error bars indicate
range).
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Figure 14 (B) A plot of general corrosion rates (mpy) versus time (days) at pH
0.5 for diffusion coated and uncoated specimens, (error bars indicate range).
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Figure 14 (C) A plot of general corrosion rates (mpy) versus time (days) at
pH 2 for thermal spray coated, diffusion coated and uncoated specimens, (error
bars indicate range).
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Figure 14 (D ) A plot of general corrosion rates (mpy) versus time (days) at
pH 4 for thermal spray coated, diffusion coated and uncoated specimens, (error
bars idicate range).
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Figure 14 (E) A plot of general corrosion rates (mpy) versus time (days) at pH
6 for thermal spray coated, diffusion coated and uncoated specimens, (error
bars inidcate range).
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Figure 14 (F) A plot of general corrosion rates (mpy) versus time (days) at pH
8 for thermal spray coated, diffusion coated and uncoated specimens, (error
bars indicate range).
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Figure 15 (A ) Illustrating some of the Polarization Resistance plots of coated
and uncoated specimens.
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Figure 15 (B) Illustrating some of the Polarization Resistance plots of coated
and uncoated specimens.
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Cyclic Polarization Scan
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Figure 16 (A) Cyclic Potentiodynamic plots of several uncoated specimens.
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Cyclic Polarization Scan
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Figure 16 (B) Cyclic Potentiodynamic plots of several uncoated specimens.
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pH 4 Uncoated

pH 6 Uncoated

Figure 17 (A) Pitting corrosion photomicrographs at SOX, illustrating severity
increase with decreasing pH.
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pH 0.5 Uncoated

Photograph of the
specimen at pH 2

pH 2 Uncoated

Figure 17 (B) Pitting Corrosion Photomicrographs at 50X, illustrating severity
increase with decreasing pH.
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Figure 18 Typical Cyclic Potentiodynamic plot of aluminized coated
specimens. Illustrating for a thermal spray specimen constant, an increase In
corrosion current with potential. The typical active, passive, transpassive
transitions were not observed.
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Photomicrograph at 50X of a diffusion coated specimen

Photograph of 50% in surface area coated thermal spray specimen

Figure 19 Photographs and photomicrographs of 50% coated specimens after
pitting corrosion testing Illustrating corrosion pitting immunity.
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Figure 20 (A) Corrosion fatigue plots of cycles to failure versus time at ±26 ksi
completely reversed loading, (error bars indicate range).
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Figure 20 (B) Corrosion fatigue plots of cycles to failure versus time at ±35
ksi completely reversed loading.
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Figure 20 (C ) Corrosion fatigue plots of cycles to failure versus time at ±45
ksl completely reversed loading.
123

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fatigue tested diffusion coated specimen at +26 ksi, pH 0.5
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3

ï

Corrosion fatigue tested uncoated specimen at ±26 ksi, pH 0.5

Figure 21 (A) Cross section photomicrograph of fatigue and corrosion fatigue
cracks at 50X. The corrosion fatigue specimens exhibit more cracking that did
not propagate to failure in comparison to the fatigue specimens.
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Fatigue tested diffusion coated specimen at ±26 ksi, pH 0.5.

Corrosion fatigue tested uncoated specimen at ±26 ksi, pH 0.5.
Figure 21 (B) Cross section photomicrograph of fatigue and corrosion fatigue
cracks at 200X- Both the corrosion fatigue and fatigue specimens exhibit
transgranular crack morphology.
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50% in surface area thermal spray coated specimen that did not fail

Uncoated specimen that failed after 3 hours

Figure 22 Photomicrograph of stress corrosion cracking at 200X. Note the
combination transgranular and intergranular crack morphology in the uncoated
specimens.
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Uncoated crevice corrosion specimen in pH 0.5 solution

Uncoated crevice corrosion specimen in pH 2 solution

Figure 23 (A) Crevice corrosion of uncoated specimens.
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50% in surface area diffusion coated crevice corrosion specimen in pH 4
solution

Uncoated crevice corrosion specimen in pH 8 solution

Figure 23 (B) Crevice corrosion of 50% in surface area coated and uncoated
specimens. The 50% in surface area coated specimens did not exhibit crevice
corrosion in all testing solutions.
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Figure 24 Photomicrograph of a carbide etched sensitized diffusion coated
specimen at 200X. A similar microstructure was observed with specimens heat
treated at 1250° F for 1 hour. The sensitized microstructure exhibits carbides as
noted by the dark circles adjacent to the grain boundaries.
129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Diffusion coated (sensitized) specimen that did not fail In stress corrosion
cracking at 200X

Uncoated sensitized specimen that failed after 1 hour in stress corrosion at
200X
Figure 25 (A) Photomicrographs of sensitized intergranular corrosion and
cracks. Stress corrosion cracks were intergranular. while corrosion fatigue
cracks were transgranular. Instead of localized pitting and crevice corrosion,
intergranular attack occurred.
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200X - Uncoated crevice corrosion tested sensitized specimen that failed by
intergranular corrosion (similar attack was observed in pitting corrosion testing)

400X - Uncoated sensitized specimen that failed in corrosion fatigue at ±26 ksi
and pH 0.5

Figure 25 (B) Photomicrographs of sensitized intergranular corrosion and
cracks. Stress corrosion cracks were intergranular, while corrosion fatigue
cracks were mostly transgranular. Instead of localized pitting and crevice
corrosion, intergranular attack occurred.
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